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FOREWORD

Francis Crick formulated part ofthe central dogma as "information never flows
fromprotein to nucleicacids." In fact, I am not aware ofan exceptionto thisproposal.
However,the process oftransferring information from DNAto proteinbecame more
biologically interesting with the discovery of alternative splicing. In this case, the
gene sequence can be processed at the RNA stage to generate multiple proteins with
different functions. An example is the alternative splicing of exons from the gene
encoding CD44, a cell surface protein that influences cell migration and homing
to specific sites. In resting cells, the CD44 gene primarily expresses a single splice
isoform that reinforces the stationary state. In cells activated by growth factors, the
gene is also expressed in a variety of other isoforms which promote cell migration
and proliferation, Hence the interpretation of the DNA sequence of an organism
frequently depends upon the environment and/or the stages ofdevelopment ofcells
within an organism. In other words, the nature of information transferred from the
gene sequence depends upon the cellular state, i.e., a gene is only defined in the
context of the state of the cell.

The human genome sequence has been interpreted to encode some 20,000
genes, which is very similar to the number of genes encoded in the genome of a
minute worm, C. elegans. However, because of the ambiguity in the definition of
a gene caused by alternative splicing, this comparison ignores the differences in
the genetic complexity of the two organisms. Over half of all genes in humans are
alternativelyspliced while this phenomenon is quite rare in C. elegans. Furthermore,
many human genes produce tens and hundreds of different protein isoforms, more
than current technology can easily monitor or catalogue. Thus, at the protein level,
the complexity of human cells is much larger than that of the worm, allowing the
obvious increase in biological functions.

This line of reasoningsuggests that the increasein geneticcomplexityin humans
is encoded in the factors which control processes such as alternative splicing and
not in the number of genes with varying functions. In a fashion, this situation
seems reasonable from an evolutionary perspective as changes in regulatory factors
controlling alternative splicing could generate wide ranging variation in functional
possibilities, thus providing a substrate for incremental evolution. Alternatively, it
can be argued that this configumtion would restrict evolutionary changes, as altern-
tions in a regulatory factor controlling alternative splicing might disrupt the critical
activities of many genes.
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Humans, in an almost religious .need, have sought to understand the biologi-
cal basis of their higher order in the world. Myths have elevated humans to direct
decedents of gods, and, on a physical level, scientists have long searched for the
unique biological features which account for our singular abilities. Our most singular
and unique feature is our brain, which has evolved very rapidly over the course of
several million years. This evolution might not solely be the result of incremental
selection acting on mutations in many different genes. Although not entirely clear,
much of this complexity could be the consequence of mutations affecting the al-
ternative splicing of many genes expressed in the brain . Several laboratories are
currently investigating the factors controlling alternative splicing in neural cells.
Recent progress in this area described in this book provides a basis for future work
on this daunting problem .

The 30th anniversary of the discovery of RNA splicing will be celebrated in
2007. The past three decades have produced an exciting picture of the composition
and functions ofspliceosomal complexes. However, much remains to be determined
about the specific roles ofindividual splicing factors , and the integration ofinforma-
tion from atomic structures with functional studies is at an early stage. The control
of alternative splicing culminates in the formation of spliceosome complexes on a
specific set ofsplice sites, and thus understanding the nature ofsteps in this process
is critical . It is anticipated that proteins that bind RNA in a sequence-specific fashion
will be the major components in regulation ofalternative splicing. A subset ofthese
proteins share domains with repeats of alternating serine and arginine residues,
and the state ofphosphorylation of these domains is thought to be critical for their
activities in splicing. Integrating the steps in formation of the spliceosomal com-
plexes with the activities of sequence-specific RNA binding factors and their state
ofphosphorylation is necessary in order to understand the regulation ofalternative
splicing. Our current knowledge ofthe function ofRNA binding proteins with roles
in alternative splicing is presented in this book.

The integration ofmajor steps in the synthesis ofan mRNAis a new and profound
theme in the study of gene expression. Of particular relevance to this book, RNA
splicing has been shown to be coupled to the processes of transcription, cleavage
and polyadenylation, transport to the cytoplasm and the efficiency of initiation of
translation. This raises the possibility that factors influencing the nature ofinitiation
and elongation oftranscription by RNA polymerase II could influence the nature of
alternative splicing. In tum, factors deposited on nuclear RNA through the action
ofthe spliceosome signal the rapid decay ofsome mRNAs containing stop codons
upstream ofintrons and can stimulate the rate oftranslation ofmRNAs as they emerge
into the cytoplasm. Cell biologists have long suspected that the spatial organization
of the nucleus is related to the nature of genes expressed in different regions. It is
possible that events controlling alternative splicing will someday be integrated into
this holistic view of the cells.
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The future ofthe study ofalternative splicing lies in the integration ofresults from
"systems-level" approaches with the current picture provided by biochemicalstudies.
One objective of this integration is to elucidate the "splicing code" and "alternative
splicing code." The former can be loosely defined as a set ofparameters embodied
in a computer program which accurately predicts the exon/intron structures ofgenes
given the DNA sequence. Parameters such as splice site sequences and exon/intron
enhancer and silencer sequences have already been proposed as the basis of the
"splicing code." These parameters will also beimportant in the "alternative splicing
code," together with additional variables and sequences that are important for the
regulation ofalternative splicing. These bioinformatic developments will begreatly
aided by systems-level studies ofalternative splicing. Using high throughput methods
to measure the patterns of alternative splicing for many genes at a cellular level
across a range of conditions or states should provide the necessary number of data
points for the computational modeling ofthe regulation ofRNA splicing governed
by specific sequences and ultimately by changes in the activities ofspecific factors.
A technical breakthrough that will permit further development of the two "codes,"
the availability of rapid and inexpensive DNA sequencing, is about to emerge. The
ability to determine the sequences of 10 million DNA segments at modest cost in
time and money will rapidly advance our understanding ofalternative splicing. The
resulting advances will probably stimulate the next book on this subject. Until then,
enjoy the chapters in this exciting current volume.

Phillip A. Sharp
Massachusetts Iinstitute ofTechnology

Cambridge. Massachusetts. USA

vii



PREFACE

Alternative splicing created a major stir when it was first discovered in transcripts
from the immunoglobulin locus by the laboratories ofDavid Baltimore and Leroy
Hood in the early 1980s. The differential selection ofsplice sites to produce transcripts
encoding the membrane bound and soluble forms of immunoglobulin revealed an
elegant mechanism by which the structure and function ofproteins can bediversified
from a limited repertoire of genes. The increased employment of DNA sequencing
methods yielded additional examples of alternative splicing in the ensuing years.
In parallel, several laboratories began to explore the mechanisms by which the core
splicing machinery can be regulated. In these formative years ofthe field, the extent
of alternative splicing in cellular transcripts was entirely unknown.

Fast forward to the present. In the wake ofmajor international efforts culminating
in the complete sequences ofmany genomes, as well as the sequencing oflarge popu-
lations of transcripts for several species, it is now apparent that in some metazoan
organisms, including ourselves, alternative splicing is the rule, not the exception. In
particular, the finding that the number ofprotein coding genes in species from yeast
to humans cannot account for the complexity of an organism brought alternative
splicing into the limelight as a major mechanism underlying diversification of the
genetic repertoire.

The combination of sequencing efforts and microarray profiling experiments
have revealed that at least two thirds ofhuman genes contain one or more alternative
exons, yet the full extent of alternative splicing that occurs in the human genome,
or any other genome, is not known. Databases have been assembled to catalog the
multitude ofsplice isoforms that have already been detected in sequenced transcripts.
Despite the prevalence ofalternative splicing, the stark reality is that we understand
the functional significance of only a minute fraction of the known splice variants.
Moreover, although the mechanisms responsible for the regulation of alternative
splicing have been studied in some depth for several genes, only a small number of
factors that function to regulate alternative splicing in a cell type- or developmental
stage-specific manner are known. Moreover, it is still unclear how most ofthe known
factors regulate alternative splicing. Superimposed on these issues pertaining to the
normal functions and regulation ofalternative splicing is the knowledge that altera-
tions in the splicing process are common in human diseases. This fact has prompted
increased efforts towards understanding the relationship between mis-regulated
alternative splicing and disease.
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Given the considerable challenges ahead, we felt that it would be timely and
appropriate to assemble the first book focused on the topic of alternative splicing.
This book is intended to not only provide a broadperspective ofrecent progress in the
field, but also to draw attention to some ofthe major questions that are currently under
investigation, and also what we can anticipate learning from continued developments
in the next several years ofresearch. We are very pleased that many internationally-
renowned researchers in the splicing community agreed to contribute to the book.
The result is a compilation ofcomplementary chapters that review a broad spectrum
of important topics . The content of these chapters is summarized below.

An important goal in splicing research is to understand the role ofnuclear orga-
nization in the control of alternative splicing. The nucleus is divided into several
subnuclear compartments and splicing occurs in only a subset of these locations.
Moreover, nuclear organization can change in response to the activity of factors
that are required to transcribe and splice a particular pre-mRNAs. These and other
topics relevant to the cell biology ofalternative splicing are discussed in Chapter I
by Carmo-Fonseca and Carvalho.

In Chapter 2, Matlin and Moore take us from the cellular perspective into the
realm of molecular approaches used to characterize the spliceosome, the macro-
molecular machine that catalyzes intron removal. The spliceosome is a remarkably
complex machine consisting ofin excess of200 proteins and five small nuclear RNA
components. Chapter 2 initiallyprovides the major ''parts list" ofthe spliceosome and
therefore serves as a useful reference for the chapters that follow. However, Matlin
and Moore also describe in detail the remarkably dynamic transitions involved in
the formation ofactive spliceosomes and also their subsequent disassembly. Knowl-
edge of spliceosome assembly intermediates is ofcourse critical for understanding
alternative splicing, since many of the steps in the spliceosome assembly pathway
are targets for regulation.

The availability ofthe genome sequences ofmultiple organisms has facilitated
tremendous growth in the use of bioinformatics and genome-wide techniques to
study alternative splicing. In Chapter 3, Xing and Lee discuss several bioinformatic
and microarray approaches that have been used to elucidate the extent of alterna-
tive splicing, and the role of alternative splicing in modulating protein function,
proteome complexity, and in shaping genome evolution. With regard to the later
topic, comparative genomics has facilitated the identification ofseveral previously
unrecognized sequence elements that are under positive selection pressure and
participate in alternative splicing.

Many of the genes that encode alternatively spliced pre-mRNAs produce a
relatively small number ofsplice variants. In Chapter 4, Park and Graveley describe
a few genes that encode pre-mRNAs that are alternatively spliced to an extraordinary
extent. The most striking example is the DrosphilaDscamgene, which can generate
over 38,000 alternatively spliced mRNA isoforms. The authors review the current
state of knowledge regarding the mechanisms involved in the regulation ofDscam
alternative splicing and also the complex alternative splicing of other genes.
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In Chapter5, Calarcoet al reviewrecenttechnologies, includingmicroarrayand
sequenced-based approaches,thathave enabledalternativesplicingto be studiedon
a global scale.Their chapter also reviews some of the important insights that have
been gained from these global approaches.Also provided in this chapter is an as-
sessmentofemergingsequencingandothernon-microarray-based technologiesand
howthesehavethepotentialto furthertransformourknowledgeof globalregulatory
featuresof alternativesplicing.

In Chapter 6, Chasin critically reviews the various bioinfonnatic and experi-
mental approaches that have been used to identify sequencemotifs involved in the
regulation of alternative splicing. The issues of how to assess and interpret the
"embarrassmentofriches", as pertaining to the extensive coverage of exon space
by the recentlydiscoveredmotifs, are also discussedin this chapter.

Proteins thatbindtopositiveandnegative-acting cis-regulatorymotifsintroduced
in Chapter 6 are reviewed in Chapters 7 and 8. Among the most heavily studied
proteins that function to control alternativesplicing are members of the SR family
and SR-relatedproteins. These proteins all contain one or more RS domains rich
in alternating arginine and serine residues. Lin and Fu reviewthis intriguing family
of proteins in Chapter 7, focusing on the current state of knowledgeregarding the
mechanisms by which they act, as well as their biological roles based on recent
studiesusing knockoutmice. .

Anothermajorclassofsplicingregulatorsare the heterogeneous nuclearribonu-
cleoproteins (hnRNPs).Proteinsbelongingto this ubiquitousfamilywere originally
identified based on their association with heteronuclear RNA and were initially
thought to function passively as RNApackaging proteins. However, many studies
have shownclearlythat hnRNPshave interesting,specific, and diversefunctions in
RNAmetabolism,including alternativesplicing. In Chapter 8, Martinez-Contreras
et al review currentknowledge of these proteins and how they are known to func-
tion in alternativesplicing.

Alternativesplicing is a tremendousmechanismfor increasing protein diver-
sity and is used extensivelyin the nervous and immune systems. In Chapter 9, Ule
and Darnell discuss the neural-specific mammaliansplicingregulatorsNova-I and
Nova-2. These two proteins, which have been extensively studied in the Darnell
lab, playa critical role in controllingthe alternativesplicingof a largerepertoireof
transcripts fromgenesthat comprisea regulatory networkthat shapesneuralactivity.
Ule and Darnell further review their recent work uncovering the rules by which
clustersof binding sites for Nova proteins in exons and introns can dictate whether
a target exon is skipped or included.

Overthepast severalyears,it has becomeclearthatalternativesplicingdoesnot
occurseparatelyfromotherstepsin geneexpression. Rather,it is closelycoupledwith
several other cellular processes that can influenceeach other. Several chapters are
devoted to this topic. First, in Chapter 10,Lynchdescribeshow signal transduction
pathwaystriggeredat thesurfacesofcellsmodulatethealternative splicingofspecific
pre-mRNAs. In Chapter11,Kornblihtt describes severalways in which transcription
can influencealternative splicing. This includes the composition of the promoter
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driving transcription and the rate of transcription elongation. Finally, in Chapter
12, Lareau et al describe how alternative splicing is coupled to nonsense-mediated
decay (NMD). There are numerous examples ofpre-mRNAs that are alternatively
spliced such that one isoform is subject to degmdationby the NMD pathway, while
other isoformsare not, and regulated alternative splicingcoupled to NMD is known
to play an important role in the autoregulation of specific RNA binding proteins.
While there are additionalcellularprocesses that are coupled to alternative splicing,
these last three chaptersprovide an excellentoverviewofhow specificsteps ofgene
regulation can be coordinated to achieve an important biological outcome.

The book is roundedoffby a chapter fromOrengoand Cooperthat describesthe
role of alternative splicing in human disease. These authors highlight tauopathies,
myotonic dystrophy, cancer, and Prader-Willi Syndrome as examples of diseases
that are caused by disruptions in alternative splicing. Such splicing changes can
arise by either cis-actingmutations or, more interestingly,by changes in the activi-
ties of trans-acting factors that modulate the splicing of a variety of pre-mRNAs.
Future research will no doubt provide numerous additional examples in which hu-
man diseases can be caused by mutations that affect the alternative splicing of one
or more pre-mRNAs.

In summary,we hope that this first book dedicated to alternative splicing will
serve as a valuableresourcefor both experts andnon-expertsalike. Clearly, research
in the burgeoning field of alternative splicing in the postgenomic era is poised to
uncover new and important aspects of gene regulation, as well as functions of the
proteome.Weenvisionthat we are on the vergeofenteringan em ofexon-resolution
biology,or "exonomics",in whichevery majorbiologicalstudy involvingmulti-exon
genes will take into account the functions and properties of different splice variants
produced from a gene. However, much work lies ahead in order to realize such a
goal. For example, tools and approaches are desperately needed that will afford an
understandingofthe functions and regulation of the multitude of splice variants that
are being identifiedby high-throughputmethods at an ever increasing rate. Such an
advancewillbe necessarybeforeprogramsof generegulationunderlyingfundamental
biological processes associated with higher eukaryotes can be fully understood. In
the meantime, we hope that the chapters in this volume will help stimulate further
interest and appreciation of the major questions concerning the field ofaltemative
splicing and how we might tackle these important questions in the years ahead.

We would like to thank Sidrah Ahmad for assistance with editing, as well as
Cynthia Conomosand Celeste Carlton at Landes Biosciencefor all of their time and
effort in the production of this book.

Benjamin J. Blencowe
Brenton R. Graveley
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CHAPTER}

Nuclear Organization
and Splicing Control
Maria Carmo-Fonseca"and Celia Carvalho

Abstract

Mthough majorsplicingregulatorymechanisms relyon the presenceofcis-actingsequence
dements in the precursor messenger RNA (pre-mRNA) to which specific protein and

A factorsbind. splicechoices arealso influencedbytranscription kinetics. promoter-
dependent loading of RNA-binding proteins and nucleo-cytoplasmic distribution of splicing
regulators.Within the highlycrowdedeukaryoticnucleus.molecularmachinesrequired fur gene
expression create specialized microenvironments that favor some interactions while repressing
others.Geneslocatedfarapart in a chromosomeor evenin differentchromosomes cometogether
in thenucleusfurcoordinatedtranscriptionandsplicing. Emcrgingtoolsto dissect geneexpression
pathways in livingcells promise to providemore detailed insight as to how spatialconfinement
contributesto splicingcontrol.

Splicingandthe Nucleus
Much like the nucleus, splicingof precursor messengerRNA (pre-mRNA) by the spllceo-

someisa defining feature ofeukaryotes, The originsofthe nucleusand spliccosomal introns are
Interwoven, possiblybecause: the spatialconfinementprovided bythe nuclearenvelopeenabled
the splicingmechanismto evolve.

Cells arecompartmentsin whichchemical reactions takeplace.Without mechanisms to restrain
the buildingblocksoflife fromfreediffusionin the primitiveocean.the blomoleculeswouldnever
have reachedsufficient concentrationsto react with one another.Molecularcagingprovidedbyan
outer membranewas thus one ofthe crucialeventsleadingto the formation of the firstcell,The
need for further containment fulfilled by the developmentofintracellularmembranesrepresents
the hallmark of eukaryotes, The origin of cells containing a nucleus. the membrane-bounded
organellethat defineseukaryores, isconsideredone of the most successful outcomesofevolution.
Thenucleushas uniquestructuralfeatures,suchasthe nuclearenvelope, the nuclearpore complex
andlinearchromosomes thatenabledmajorfunctionalinnovations: nucleo-cytoplasmic transport,
novelcell-cycle controlsand mitosis.semal recombinationand novelpatternsofRNA processing
includingpre-mRNAsplicing.

The Origin ofEukaryotic Cells
In parallelwith the adventof the nucleus, the cukaryoticcellacquiredendomembranes(Le.. the

endoplasmic reticulum.endosomalJlysosomaland secretorysystems). mitochondria,chloroplasts.
peroxisomes andacytoskeleton,Whereasthereisgencralagreementon theendosymbiotic originof
organelles such asmitochondriaand chloroplasts, the originofthe nucleusand the endomembrane
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2 Alternative Splicingin the Postgenomic Era

systems remain mysterious.l .2Classically.endomcmbranesarcthoughtto haveevolvedbyinvagina-
tion and inwardseparationofvesicles from the plasmamembrane. Subsequent differentiation of
primitiveendomembranes into endoplasmic reticulum,Golgiandlysosomes musthavedepended
on the evolutionofvalves to isolatedifferentmembranecompartmentsand this was achievedby
selective coaredvesicle budding.Accordingtoaprevailingtheory.plasmamembraneinvaginations
buddedoffformingvesicles that then fused,givingrise to the endoplasmic reticulumand nuclear
envelope, whicharecontinuouswitheachother,'An alternative modelpostulatesthat the nucleus
is the resultof symbiosis between an archaeonand a eubaeterium, so that in a eukaryoticcellthe
nucleusis ofarchaei originbut the cytoplasmis ofbaeterial origin"

Importantly,the nuclearenvelope is not composedof two distinct separare membranes, as in
mitochondria. Instead. it is topologically a singlemembranethat foldsformingsharp curves at
siteswherenuclearporecompleres (NPCs) arcembedded.Examining thestructureofthe proteins
that form the yeastNPC Nup84 subcomplex, Devoser al5discovered thattheseproteins sharea
commonarchitecturewithvesicle coatcomponents. It wasthereforeproposedthatakinto vesicle
coats,whichbend the plasma- and endo-membranes for budding,NPC proteinscouldbend the
nuclearmembrane, therebyformingthe highlycurved regions ar the poreperiphery.5 Consistent
with thismodel,mutationaland deletionanalysis showedthat in the absence ofthe homologue
complexin vertebratesnucleiformedwith a closednuclearenvelope lackingNPCS.6.7

A possibleselective advantage ofthe assembly of a nuclearenvelope on the chromatinsurface
ofearlyeukaryoteswas to protect the DNA fromshearingdamagecausedbythe novelmolecular
motorsassociatedwith the eytoskderon.In tum (orinparallel),formationof thenuclearenvelope
allowedfor slowersplicingin transbythe spliceosome to evolve from group II introns in genes
thatweretransferredfrom the protomitochondrion to the nucleus.Il-IOAssembly of the nuclear
envdope pluggedwith nuclearpore complexes that segregated the RNA and protein-synthesis
machinerywas instrumental in preventingribosomes from translatingnuclearmessenger RNA
beforesplicing. Shine-Dalgarnosequences mayalsohave beenlost to preventnuclearmessengers
frombindingdirectlyto nascentribosomes. whilecappingevolved instead.Thenuclearcnvdope
co-evolvedwith a novelmechanochemicaldivisionmachinery(the mitotic apparatus) and novel
temporal controlsof the cdl cycle that allowedthe multiplication of originsof replication and
other unique features of eukaryoticchromatinand chromosomes. Indirectly, thisco-evolution
allowedfor massive increases in eukaryoticgenomeand nuclearsize. The largernucleiand the
originofsexual recombination togetherarethought to havefavored the rapidintragcnomic spread
of the spliceosomal introus.8 Supportingthe view thatspliceosomal intronswere present in the
lastcommonancestorofenant eukaryotes, both intronsandspliceosomal componentshavebeen
discovered in manyspecies that couldhavedivergedfromother eukaryotesveryearlyinevolution
(for a review. seere£ 11).

Inhighereukaryotes, the nucleus breaksdown andreforms areachmitosis.InspiredbyStephen
JayGould'sideathat thedevelopmentofan organismisaprogression throughanccstrallife forms,12
weproposethat the assembly ofa postmitoticnucleusin metazoancells recapitulates someof the
eventsthat lead to the birth of the first nucleiapproximately 1 billion years ago.Nuclearbreak
downinvolves chromatincondensationwith aglobalshutdownofgeneexpression, disassemblyof
the nuclearlaminabyphosphorylationand solubilization ofthe nuclearlamins andabsorptionof
the nuclearmembranes into theendoplasmic reticulum(forareview. seere£ 13).Dutinganaphase
or telophase, dependingon the celltype. membranevesicles start to associate with decondensing
chromosomes. Progressive membranefusioncoordinatedwith de novo NPC assembly leadsto
a completeenclosure of chromosomes bya functional nuclearenvelope.I4,15This is followed by
nucleargrowth inducedbycompletechromosomedecondensationand importofnuclearproteins
via the pores.Thegeneexpression machinerythat becamedistributedthroughout the cytoplasm
duringmitosisis recycledbackinto the nucleus. with transcriptionfactorsbeingirnportedprior to
pre-mRNAsplicingfaetors.161his succession of eventsleadingto nuclearformationafter mitosis
stronglysuggests that the nucleusshares a common evolutionary origin with the cytoplasmic
endomembranesystems.
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Compartmentalization ofSplicing and Splicing Factors

Active GenesAreNonranJomly Positionedin the Nucleus
Pre-mRNA is couanscriptionally spliced, as first demonstrated by direct electron micro-

scopicvisualization of nascent transcripts on spread chromatin17•18 and later further shown by
biochemicalanalysis of nascent pre_mRNAs.19-21 At the light microscopylevel, methods were
developed to simultaneously detect DNA, intronic RNA and splicedRNA by fluorescence in
situ hybridization.22.23 Usingthese tools,severalstudiesshowedcolocalization ofsplicedmRNA
and DNA from the correspondinggene, thereby firmlyestablishingthat splicingoccurs at the
sitesof uanscription.22

-25

Havingdemonstrated that activepre-mRNA splicingsitescoincidewith activdy transcribed
intron-containinggenes,it becomespossibleto identifywheresplicingtakes placein the nucleus
bymappingthe localizationofactivegenes. Insidethe nucleusgenesarenonrandomlypositioned,
exposingindividuallocito distinctmicroenvironments.Forexample, severalgeneshavebeen shown
to rdocalizeto distinct sub-nucleardomainsdependingon their transcriptionalstatus.(Forrecent
reviews see refs. 26;27.) For example, in devdoping B and T-cells,genesdestined for silencing
are recruited to heterochromaticpericentromericdomains where transcription is repressed.28-30

SimUarly, coatingone of the two X chromosomes in female embryosby Xist RNA induces the
formation of a silencingdomain that excludes RNA polymerase II and transcription factors,"
The nuclear periphery is also generally regardedas a transcriptionallyrepressive compartment
that preferentiallyharbors gene-poorchromosomes; specific geneswere round to be associated
with the peripherywhen inactiveand located awayfrom the peripherywhen active.32-34 Despite
beingpredominantly occupied by silencedheterochromatin, the nuclearperiphery is infiltrated
by channels ofactivdy transcribedeuchromatin thatcommunicatewith nuclearpore complexes.
At leastin yeast,transcriptionat the nuclearperipheryapparentlyrequiresassociation of the gene
with the nuclearporecomplex:,35-3~ therebyfacilitatingmRNAexpOrtaspredictedin Blobd's"gene
gatinghypothesis':40 Indeed, recentgeneticstudiesin Saccharomyces cereoisia» revealthat proteins
required for mRNA export areinvolved in anchoringactivegenesto nuclearpore compl=s.41.42
Thus,rdocation ofgeneswithin the nucleusmaybe a resultof, ratherthan requirementfor, tran-
scriptionalactivity, mRNA processingand transport.

Usingelectron microscopy and pulse-labeling of nascent RNA, Cook and colleagues round
approximately 2400 sitesofRNA polymerase II activityscatteredthroughout the nucleoplasmof
mammalian cultured cdIs.43,44As the number ofactivegenesand other transcription units vastly
exceeds the number offoci detected,eachsiteor "transcriptionfactory"was suggestedto contain
several(up to 30) active polymerases and associatedtranscripts. In good agreement with this
prediction, genesas faras40Mb apart in the chromosomewere shown to colocalizc to a shared
factorywhen transcribed," and evengeneslocatedon differentchromosomeswere round to have
the abilityto congregate:IM 7This physicalgroupingofgenomically distant loci in the nucleusis
apparentlymediated by proteins that bind to common regulatorysequencedements present in
physiologically relatedgenes. (For recent reviews seerefs.48,49.)Spatialproximitymaytherefore
contributeto coordinatingthe expressionoffunctionally relatedgenes, but howdodistant genetic
dements find each other in the nucleus?We propose thatpre-mRNA synthesis and processing
contributes to the establishmentand maintenanceofan epigeneticstate, in a manner similar to
thatofDNA replication. In faceofthe growingevidencefor a tight couplingbetween the differ-
ent stepsofgeneexpression in the nucleus,wespeculatethat duringmRNA biogenesis multi-role
protein factorsmayimpingeapersistentmarkon the chromatin. Ifchromosomedecondensation
at the end ofmitosiswouldrollowa temporalorder controlled by specific marks, then subsetsof
chromatinloopscouldformsimultaneouslyand separatelyfromother genomicregionsallowinga
rapidandpreferentialinteractionwitheachother.Futurestudiesanalyzingthedynamicpositioning
of multiplelociin livingcellscombinedwithgeneticand RNAi-mediatedknock-our/knock-down
approachesarelikdyto shednewlight into thepoorlyunderstood link betweennuclearorganiza-
tion and control ofgeneexpression at the levelof transcriptionand splicing.
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The Spliceosome Cycle andSplicingFactor Compartments
The spliceosome is themulti-megadalton machine that catalyses pre-mRNA splicing(refer

to chapter byMatlin and Moore).The building blocksofthe spliceosome arc uridine-richsmall
nuclear RNAs (U snRNAs)packagedas U snRNPs(smallnuclear ribonucleoproteinparticles)
that function in concert with numerous nonsnRNP proteins. Spliceosomes form anew on na-
scentpre-mRNAsand disassemble after introns arcexcised and emns ligated. Thus,spliceosomal
componentsin the nucleuscanbe eitheractively engaged in splicingor waitingfor the next callto
assemble a spliceosome, RecruitmentofsplicingsnRNPs and nonsnRNPproteinsto nascenttran-
scripts hasbeenvisualizedinseveral systems. includinginseapolytenechromosomes,5G-S2 amphibian
germinalvesicles" andmammalian cells.23.S4-S6 In the salivaryglandpolytenecells from Chironomus
tentans, 10-15%of the spliceosomal componentswereestimatedto be bound to pre-mRNA at
activegeneloci at a given moment. while the vast majoritywaspresent in the nucleoplasm and
apparentlynot engagedwith pre-mRNAF In amphibian germinalvesicles. the splicingsnRNPs
that did not associate with loopsof the Iampbrushchromosomes weredetected concentratedin
numerousnucleoplasmicgranules called"snurposomes'l"Mammalian cellsalsocontainasurplusof
spliceosome components(HeLa cells arc thought to contain morethana millionextremelystahle
Ul snRNP particles) and at anygiven timethe majorityof thesemolecules arcnot associated with
nascent transcripts.When the mammalian cell nucleusis viewedwith the electron microscope.
spliceosomal components arc detected in morphologically distinct structures termed interchro-
matin granuleclusters (IGCs) and perichromatinfibrils (for a comprehensive review. seere£58).
The perichromatinfibrils correspondto nascenttranscriptsand appearscatteredthroughout the
nucleoplasm. excluding regionsof condensedchromatin." Perichromatin fibrils arc often closely
associatedwith theperipheryofinterchromatingranuleclusters. makingitimpossible to distinguish
the two structureswithin the speckledpatternthat characterizes thedistributionofsplicingfactors
observedbyfluorescence microscopy (Fig. 1). Consistentwith the presence of nascenttranscripts
(i.e., perichromatinfibrils) beingin closevicinityto IGCs.asdetectedin studiescmployingcleetron
microscopy, pulse-labelednascentRNA fromnumerousactively transcribedgeneshasbeenvisual-
izedbyfluorescence microscopy to overlap the peripheryof nuclearspeekles.60-62

Whae snRNPsand splicingproteinsdetected on perichromatinfibrils mostlikdy correspond
to activespliceosomes, a large bodyofevidence indicatesthat thespliceosomal componentslocal-
izedin interchromatingranuleclustersarcprimarilynot involvedin splicing(for a recent review,
see ref. 63.) Indeed. interchromatin granule clustersdo not contain detectable levels of either
DNA or nascentRNA; moreover. spliceosomal componentsmoveawayfromthe interchromatin
granuleclustersto sitesofactivetranscriptionin the nucleusand accumulatein theclusterswhen
transcription is inhibited (Fig.2).

In thelivingcell. splicingfactorsarc constantlyroamingthe nucleus6ol.6s so that upon activa-
tion ofa gene the spliceosome rapidlyassembles on the nascentpre-mRNA.66.67 Convcrsdy, gene
inactivationincreases the pool ofMreserve" splicingfactorsthat accumulatewithin enlargedinter-
chromatingranuleclusters, Consequently, the organizationof the speckledpattern isa reflection
ofthe transcriptionaland splicingactivityofthe cell67,68

Proteome analysis of nuclearfractionshighlyenriched in IGCs revealed a 63%overlapwith
the compositionof the spliceosome,69.70 and the vastmajorityofidenti.6edsplicingproteinswere
shown to localize in IGCs. But whyarc spliceosome components attracted to IGCs~ The IGCs
contain a metabolically stable,nuclear-restrictedpopulation of poly(A)RNA that hasbeen sug-
gestedto playa structural scaffolding role.63 However. this viewisdifficultto reconcilewith the
recent finding that nuclear poly(A) RNA is completelymobile, diffusingconstantly between
the speckles and the nucleoplasm." An important clue to understand the biologyofIGCs was
the discovery that over-e:xpression of Clk/STY, a protein kinase that phosphorylatesSRsplicing
proteins. abolishedthe typicalspeckledimmunolocalization ofspliceosome components," Later
electron microscopy studies revealed that over-expression of Clk/STY led to a completedisas-
semblyofIGCs concomitant with inhibition of splicingactivity.73These resultsargue that IGCs
lack a stahle scaffold that is maintained when splicingfactors are released. It is more likelythat
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Figure 1. Transcribed genes localize in close proximity to nuclear speckles. A,B)Murine eryth-
roleukemia (MEL) cells containing multiple copies of the human l3-globin gene integrated in
the genome as a tandem array were double-labeled for Sm proteins (red staining) and human
l3 -globin RNA (green staining). The cell depicted in (A)expresses wild- type human l3-globin
RNA, while the cell shown in (B)expresses a mutant variant that is not spliced.!" In both cells
the nascent RNA isvisualized as a green focus localized in the vicinity of a nuclear speckle.The
schemes below the micrographs represent splicing factors in interchromatin granule clusters
and in association with nascent transcripts. In the case of wild type transcripts (A),which are
normally spliced, splicing factors assemble on the nascent transcripts; this results in concen-
tration of Sm labeling at the RNA focus (the focus appears yellow due to superimposition of
red and green staining). Note that at the light microscopic level, the concentration of splicing
factors at the l3-globin site of transcription is indistinguishable from a nuclear speckle. In the
case of the mutant transcripts (B), which are not spliced,"! splicing factors are not recruited
to the site of transcription. C,C',C") Human (He La)cells were double-labeled for splicing fac-
tor SC35 (red staining) and subtelomeric region 19p (green staining), a chromosomal region
enriched in transcribed genes,"! The panels depict three consecutive optical sections through
the same cell; note that both alleles are in close proximity to nuclear speckles.

IGCs are formed by direct protein-protein interactions between spUcingprotcins; moreover, the
data reported by Sacco-Bubulya and Spector 200273 strongly suggest that the assembly ofIGCs is
linked to the phosphorylation state ofSRproteins. As phosphorylation ofSRproteins also plays a
critical role in splicing activity (refer to chapter by Lin and Fu), the question emerges as to whether
similar protein-protein interactions are involved in IGC formation and spliceosome assembly.

Finally, what are the functions ofIGCs? Do these structures represent simple aggregates of
"reserve" spliceosorne components waiting for a splicing opportunity, or are splicing proteins
targeted to IGCs in order to become competent fur spUcing? Although pro and con arguments
for each view have been extensively debated, a definitive answer to the question awaits further
experimentation (fur a review, see ref 63).
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Figure2. The distribution of splicingfactors in the nucleus isa reflectionofthe transcriptional
and splicingactivity of the cell. Live Hela cells expressingsplicingfactor U2AF6S tagged with
GFPwere imaged. Incontrol cells(A), which contain nascent transcriptsscattered throughout
the nucleoplasm,GFP-U2AF6S accumulatesinnuclearspeckles.Afterinfectionwithadenovirus
(B), the nucleus is overloaded with viral transcripts and GFP-U2AF65 no longer accumulates
in speckles; the ring-like structures observed in these cells correspond to recruitment of the
splicing factor to nascent viral transcripts. In the absence of viral transcripts (induced by
treatment with a transcription inhibitor), GFP-U2AF65 dissociatesfrom the ringstructures and
accumulates predominantly in nuclear speckles (C).

Compartmentalization ofsnRNPBiogenesis
The major spliceosomal smallnuclear ribonucleoprotein particles are the Ul, U2, US and

U4/U6 snRNPs.EachsnRNP consists of one or two uridine-rich smallnuclearRNAs (UI, U2,
USand U4/U6 snRNAs)boundbyaproteincomplex that comprises seven commonSmproteins
andone or moreproteinsspecific to eachsnRNP.74 TheSmproteinsB/B~ DI,D2, D3,E, Fand G
arecommonto allspliceosomal snRNPs,exceptU6andarearrangedinto a ringstructurearounda
short (7 nr) highlyconserved single-stranded uridine-richsequence of thesnRNA,75.77 Biogenesis
of splicingsnRNPs in metazoa involves a complexsequence of reactions occurringat different
locationswithin the cell.ThesnRNAs (except U6) aretranscribedbyRNApolymerase II and the
initial precursors contain a 5' monomerhylared m?G capand a short 3' extension. In the nucleus
the nascent transcriptsassociate with a numberof proteinsand the resulting complex is rapidly
exported to the cytoplasm. Export is dependent on interaction of the U snRNA cap structure
with the nuclear cap-bindingcomplex (CBC).78.79 CBC is a heterodimeric complexcomposed
of two subunits,CBP80 and CBP20, but neither subunit alonecan interactwith cappedRNA;
they must firstheterodimerize. Phosphorylated adapterfor RNAexport (PHAX) then interacts
with CBC bound to capped RNA, establishing a bridge between CBC on the one hand and
RanGTP togetherwith theexport receptorCRMlIXpol on theother.80PhosphorylatedPHAX
canbind to RanGTP/Xpo1but doessomorestronglyin the presence of CBC-boundUsnRNA.
As a consequence of this cooperative assembly of the complex neither PHAX nor CBC detect-
ablyleave the nucleusin the absence of RNA substrates." In the cytoplasm, dissociation of the
export complexis triggeredby GTP hydrolysis mediatedby RanBP1I2and RanGAP,81 binding
of the lmportin a/~ heterodirnerto CBC8Zand dephosphorylation ofPHAX.80 Once detached
fromexport proteins,the snRNAisfreeto interactwith Smproteins.Althoughin vitroSmcores
assemble readilyon undine-rich RNAs,in cells this process involves the survival of motor neu-
rons (SMN) complex," Assembly of the Sm core is a prerequisite for removal of the snRNA 3'
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extensionand hypennethylationof the S'm7G capto mU 7 G (m3G or TMG).7U4The assembled
Sm core and the modifiedcap then function as independent nuclearlocalizationsignals (NLS)
for subsequentre-import into the nucleus. Them3Gcap is recognized bySnurportinl, an import
adaptor that interactswith Importin fl,85 whilethe Sm-coremediated transport is linked to the
nuclearimport ofSMN.86

After import to the nucleusthe newlyassembled snRNPsaccumulatepreferentially in Cajal
Bodies (CBs){Fig. 3)87.88 andseverallinesofevidence indicatethat snRNPmaturationiscompleted
at thislocation (for a recent review, seeref 89).First, site-specific synthesis of2'-O-methylated
nueleotidesandpseudouridines in the Ul, U2,U4 and USsnRNAsoccursin CBs90 and isdirected
byguideRNAsthat specifically localize to CBs.91-93 Second,the association of the heterotrimeric

Figure 3. Compartmentalization of snRNP biogenesis. 1) The Ul, U2, U4 and U5 snRNAs
are synthesized as precursors in the nucleus; they contain a 5' monomethylated m' G cap
that binds CBC and export factors PHAXand CRMlIXpol associated with RanGTP.2) After
translocation through the nuclear pore, the export complex dissociates and the Sm/SMN
complex assembles. 3) The cap is hypermethylated and binds Snurportinl (SPN1); together
with the Sm/SMNcomplex, SPNl drives nuclear import. 4) In the nucleus, snRNPs accumu-
late in Cajal bodies (CBs) to complete their maturation; later, snRNPs participate in spliceo-
some assembly and cycle through nuclear speckles. At steady state, SPNl is predominantly
detected in the cytoplasm, indicating that this protein dissociates rapidly from snRNPs after
their nuclear import. SMN is also detected in the cytoplasm, but additionally concentrates in
CBs, suggesting that its association with maturing snRNPs persists in the CBs. Sm proteins are
predominantly detected throughout the nucleoplasm, excluding nucleoli and with additional
concentration in CBs and nuclear speckles.
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splicing factor SF3awith premature ISS U2 snRNP to form a functionall7S U2 snRNP par-
ticleoccursin CBs.94 Additionally. CBsarelikdyto be siteswheresnRNPsarerecycled. The U4,
US and U6 snRNPsenter the spliceosome as a pre-assembled U41U6.US tri-snRNPand after
splicing the released individualparticles must reassemble into anewU4/U6 di-snRNPand then
into a U4/U6.US tri-snRNP. beforeenteringthe next splicing cycle. Consistentwith the view
tharCBsmaybe the sitewheredismandedsnRNPsarc recycled into functional panicles,it was
shownthar the U4/U6 di-snRNPrecycling factorplIO is enrichedin Cajalbodiesand plays a
role in targetingU6 snRNPsto CBs.9s Furthermore, RNAi-mediateddepletionofhPrp31 and
hPrp6 (twoproteins expected to be requiredfor tri-snRNP assembly) caused an accumulation
ofU4/U6 di-snRNPsin Cajalbodies. suggesting thar the formationofU4/U6.US tri-snRNPs
occursin thesesubnuclear structures,"

Direct visualization of newlyimported snRNPs in livingcells showsthat the panicles ac-
cumulatefirst in CBs and arc later detected in the speckles. suggesting thar the CB phase is a
rate-limitingstepin thefunctionalmaturationofspliceosomalsnRNPs.97,91l Morerecentstudies
further reported the disappearance of CBs upon depletion of either: SMN. whichdisrupted
Smcoreassembly,99 PHAX, whichblockedspecifically the nuclearexportof newlysynthesized
U snRNAs,or hTGSI. whichimpairedm7G capmethylation.1oo In further agreementwith the
view that CBs arc not predefinedcompartments into whichsnRNPs have to be targeted in
order to completematuration,cells fromknock-outmicelackingthe CB markerprotein coilin
arc devoid of CBs yet viable.lol In collin knockout cells. Sm snRNAsand their modification
guideRNAscolocalize in nucleoplasmic focithat aredistinct from CBs.90 Takentogether.these
resultssuggest that ongoingsnRNP biogenesis and recycling issufficient to ercarca dedicated
microenvironmentin the nucleus.

Why do spliceosomal snRNPs, whichfunction in the nucleus, requirea cyroplasmlc phase
for biogenesis? Because Smproteinscanformstableheptameric ringson theirownwithminimal
RNA sequence specificity. it was proposedthat the assembly of Smcoreson snRNAsin the cy-
toplasmhasthe advantage ofpreventingthe Smproteinsfromenteringthe nucleus and forming
Ulicit complexes on nascentRNAs.83 Interestingly. in contrast to thevastmajorityof nonsnRNP
splicingproteinsthat arcuniqueto eukaryores, Smproteinshavehomologs in bacteriaand archca
(reviewedin ref 2).Could the cytoplasmicphaseofsnRNPassemblythereforebeadirectdescent
fromthe primordialendosymbiont?

Compartmentalization ofSplicing Factors and Splicing Regulation
The regulation of splicing involves both cis-acting sequence elements in the pre-mRNAand

trans-actingsplicing factors that associate with the pre-mRNA(referto other chaptersin this
volumefordetailed reviews).Manyalternativesplicingevents involve acomplexinterplaybetween
positive and negative regulators and it is ofiennot possible to make a elcardistinctionbetween
constitutive and alteritative splicingelements andfactors. Alternative splicinginvolvcs changes in
the choiceof sitesfor spliceosome assembly. Besides pre-mRNAbindingproteins,such choices
are influenced bya number of determinants includingtranscription rate and RNA secondary
structure. In addition to tissue-specific splicing decisions, there is increasing evidence for splic-
ing patterns beingaffected by both extra- and intracellular signaling to the splicing machinery
(for a review, seeref 102).One example is the controlof splicing regulators byphosphorylation
and sub-cellular localization, as firstdemonstratedbyvan der Houvenet aLIO) Several splicing
factors shuttle between the nucleus and the cytoplasm and someWctC shownto changetheir
nucleo-cytoplasmic distribution in response to specific signals. For example. after stimulation
of cells with osmoticshockor ultraviolet-C irradiationthe hnRNP Al protein wasreportedto
becomehypcrphosphorylatedandaccumulated in the cytoplasmwithaparallel change inalterna-
tivesplicingof a reporterCOnstruet.103 Similatly, an ultraviolet-C stress stimulus also reducedthe
nuelcarconcentrationof splicing factorhSlu7with a concomitantchange in alternative splicing
patterns of cellular genes.1M Phosphorylation bysignaltransducers was further shownto cause
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cytoplasmicaccumulation of hnRNP K, I~ Tra2~1106 and PTB.I07 There is evidencesuggesting
thatphosphorylation of a cargo protein modulates its binding affinity to importins/exportins
and thatthe shuttling signalsofseveral RNA-bindingproteins contain potential consensus sites
forprotein kinases.Thus, it islikelythat manyproteins involved in RNA metabolismredistribute
between the nucleusand the cytoplasmin responseto signalingpathways(seere£ 107 and refer-
encestherein).Clearly. relocalization ofsplicingfactorsfrom the nucleusto the cytoplasmcanbe
concurrentwith changesin alternativesplicing. but the functionalconsequences ofsuchchanges
in alternativesplicingarenot known.

Interestingly, the SRPK familyof kinases specific for SR splicingfactors localizes predomi-
nantly in the eytoplasmduring interphase but uansloeates to the nucleusin late G2 cells.IOSAs
SR proteins are regulatedbyreversible phosphorylation and at least in vitro dephosphorylation
is essentialfor splicingto takeplace,wepropose thataccumulationofSRPKsin the nucleusjust
beforemitosismaycontributeto the inhibitionofsplicingprior to nuclearbreakdown.Conversely.
at the end ofmitosis,when the nuclear envelope reformsand transcriptionalactivityresumes. a
precisetemporalorder for accumulationofsplicingfactorsin the newlyformednucleushasbeen
observed.ThehnRNP Cl/C2 proteins weredetected first, followedbysnRNPsand SRproteins
and later on hnRNP Al.161his impliesthatnascent transcripts in a newlyformed nucleusare
transientlyexposedto different relative concentrationsof splicingactivators(SR proteins) and
repressors (hnRNPs). We speculatethat thissequentialorder of splicingfactor import creates a
spatial-temporalgradient for regulatedalternativesplicingchoices.

Perspectives
Recent advances in livecellimagingare dramatically changingour visionof the nucleus.For

manyyears.beautifuleleerron-andlight-microscopicpicturescollectedfrom fixedspecimens fos-
teredaviewofastaticand rigidlystructuredsub-nuclearorganization.I09 Someofthesetraditional
conceptsarenow beingquestionedbydata supporting the dynamicmovementoffactorswithin
the nucleus. Several independent studiesconfirmthat most RNAs diffuse in the nucleusat rates
of ~O.03-0.1 square !J.IIl per second.which is sufficient to translocatea fully mature messenger
RNA to the eytoplasmwithin a fewminutes afrer its generationanywhereinsidethe nucleus.!'?
Because diffusioncannot be controlled, regulation of RNA trafficking is achievedby retention.
Forexample,a qualitycontrol mechanismoperatesat the siteoftranscription that preventsrelease
of incorrectlyprocessedprecursors(see re£ 110 and references therein). Retention at a nuclear
microenvironmentdistinct from the siteoftranscription can alsooccur,ensuringthe availability
ofa pool of mRNA that can be readilytransported to the cytoplasmand translated into protein
in responseto an e:xtracellular signal.III

Protein splicingfactorsare alsothought to diffuse throughout the nucleusand associate sto-
chasticallywithnascenttranScripts.65.67Nevcrtheless, individualsplicingproteins associate differ-
entiallywith alternativelysplicedtranScripts.1l2 Accordingto the currentlypopular combinatorial
modelfor alternativesplicingregulation.whichprotein is recruited to eachspliceosome depends
on both the concentration of the protein in the celland the regulatoryelementspresent in the
pre-mRNA.Whether retention/sequestrationofsplicingfactorsat specificnuclearmicroenviron-
ments contributes to adjust their freepool in the nucleus,therebyrestrictingtheir availability at
the sitesofaction and hence control alternativesplicingis an appealinghypothesisthatremains
to be demonstrared.P''In order to tacklethis question it will be important to followthe dynamic
behaviorof a latgenumber of splicingproteins and transcriptssystematically. Suchan endeavour
will be greatlyfacilitatedby emergingmethodologiessuch as SILAC (stable-isotopelabelingby
amino acidsin cellculture), a mass-spectroscopy-based technique thatallowsthe monitoring of
the fate of cellularproteins over time on a global scale.1l3 In parallel,however, it is essential to
be awarethat gene expression is not synchronousin a population but rather variesstochastically
from cell to cell (for a recent review. see ref, 114).Thus, a very important areaof future work is
the developmentof time-resolved globalapproaches performedon singlecells.
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CHAPTER 2

Spliceosome Assembly and Composition
Arianne]. Matlin and Melissa]. Moore·

Abstract

Cdlscontrolaltcmativesplicingbymodulatingassemblyofthepre-mRNAsplicingmachincry
arcompetingsplicesites.ThcrdOrc,aworkingknowlc:dgcofspliceosomeassemblyiscsscntial
forundc:rstandinghowalte:mativc splice sitechoices ate achieved. In thischapter.we review

spliceosome assemblywithparticularemphasis on the knownstepsandfaaors subjca to regulation
during alt:cmativc splice siteselection inmammalian cells, Wealso reviewrecentadvances regarding
similarities and diffcn:nces bc:twccn the invivo andin vitroasscmblypathways, aswell asproofread-
ingmechanisms contributingto the fidelityof splice siteselection.

Introduction
Pre-mRNAsplicingoccurswithin the context of a largemacromolecularassemblage known

as the spliceosome, Within thisenormous (ea.3 MDa) machine,intron excision occurs in two

chemical steps: (1) cleavage at the 5' splice site (donor site). coupled to formadon of a lariat
structure in which the first nucleotideofthe intron is linked via a 2'-5' phosphodlesterbond to
an intronic adenosine (the branch point) in the vicinityof the 3' splicesite (acceptorsite); and
(2) joining(ligation)ofthe two cmns, coupledto cleavage at the 3' splicesite.Thespliccosome is
a highlydynamiccomplexcontainingfivestableRNAs (smallnuclearor snRNAs)and a host of
stablybound and transiendy interactingproteins (seebelow).

Assembly ofthe spliceosome on a nascenttranscript requires recognitionof several cis-acting
RNA clementslocatedwithin the intron: the 5' splicesite GU. branch point A. polypyrimidine
tract and 3' splicesiteAG. Whereasthese dements aresurroundedbyhighlyinvariantconsensus
sequences in yeast,in mammals they ate generally situatedwithin a more looselyconservedcon-
text.1,2 Thiscreatesthe potential ror greater regulatoryflexibility and combinatorialcontrol in
mammaliancells. where transcriptscanbealternatively spliced. The degree to which splicesites
conform to the consensus determines their intrinsic strength and consequendycan impact the
rate of spliccosome assembly. Correspondingly, the relative strengths of competing splicesites
establisha default pathwayror each potential splicingevent.This default pathwaycan beover-
come in responseto physiological or developmental signals} Combinatorialcontrol by multiple
trans-actingsplicingregulatorspermits specific and differentialrecognition of short. degenerate
signals and creates a situation in whichvariationsin the concentrationofa singlefactor canelicit
a markedchangein the splicingpareern.'

Composition and Structure
Recent estimates suggest that more than 300 differentproteins ate involved in mammalian

pre-mRNAsplicing.sAmongtheseate corescaffoldingproteins.RNAbindingfaaors andproteins
withdomainsrichin arginine/serine(RS)repeatssubjca to dynamicphosphorylation.Enzymatic
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activities include numerous kinases and RNA-dependent ATPases. one GTPase and cis-trans
prolylisomerases. Structurally. the splicing machineryis organizedas several more or lessstable
subunits (akinto ribosomalsubunits) thatcometogetherduringspliceosome assembly, aidedby
a plethora ofadditional transientlyinteractingfactors.KeysubunitsaretheUI, U2, U4/U6 and
US snRNPs(smallnuclearribonucleoprotein complexes). eachnamedfor the U snRNA{s) they
contain.Another stablesubunit, the PRP19complex, isentirelyprotein-based. In addition to its
snRNA(s).eachsnRNP carries asetof commoncorefactors{theSmand Lsmringproteins)plus
3 to IS snRNP-specific proteins. Successive basepairing interactions among the snRNAs and
betweensnRNAsand theintronic splice site consensus sequences are criticalfor the progression
of spllceosome assembly and intron excision.

Remarkably. in addition to the major U2-dependent spliceosome, metazoan cellscontain
a minor spliceosome responsiblefor the removalof ca. 0.2S%of all introns.f This so-called
Ul2-dependent spliceosome containsan overlappingsetof snRNAs(U11,U12, U4atac,U6atac
and US) and proteins.but alsonumerousunique factors. When U2 and Ul2-dependent introns
residein the sametranscript, the two spliccosomes are able to coordinate emn definition (see
below)and intron excision via their sharedcomponents. though introns containinga mixture of
U2- and Ul2-dependent splicesitescannotbeexcised byeither spliceosome.

Many of the individualfactors involvedin spliceosome assembly will be introduced where
relevantin the secrions below. However, two classes merit specific attention due to their numer-
ousmembers. One class comprises membersof the SRprotein family(refer to chapterbyLin and
Fu). which typically contain an N-terminal RRM (RNA recognitionmotif) and a C-terminal
domain rich in RSdipcptides.ThisRS regionissubjectto extensive post-translational modifica-
tion byphosphorylation?and canformspecific interactionswith eitherproteinsor RNA.Various
SR proteins function either as generalsplicingfactorsor as specific modulators of alternatively
splicedemns," The secondfamily comprises the DExH/D boxproteins,"TheseATP-dependent
RNA bindingproteins candisrupt both RNA-RNAduplexes and RNA-proteininteractions,or
can act as sequence-independentRNA clampsto secure a sectionof RNA. Nearlyeverystep in
spllceosome assembly and disassembly requiresthe actionof at leastone DExHID boxprotein,
althoughfor the most part, the exactrolesof theseproteinshaveyet to bedetermined,

Although the spliceosome is of similarsizeand complexity to the ribosome, our structural
understandingofthesplicingmachinery isstillin itsinfancycomparedto currentknowledgeofthe
translationmachinery. WhereasnumerousX-raystructures of the individualribosomalsubunits
and fullyassembled ribosomes exist. onlyalimited set oflow resolutioncryo-EM structureshave
been determinedfor individualsplicingcomplexes to date,"Aswillbecomeclearbelow. the highly
dynamicnature ofspliceosome assembly. with numerousfactorscomingand going coupledto an
extremely intricatechoreography of structural contortions.willlikdy continue to challenge the
limitsofstructuralbiologyfor yearsto come.

In Vitro Spliceosome Assembly
Studiesofspliceosome assemblyovermanyyearshaveledto aprevailingviewthatthe pathway

proceedsin vitro through aseries ofdistinct complexes and conformationsleadingto the catalyti-
callyactivespecies. Accordingto thismodel,each successive stagein the transcript-dependent
association of snRNPsand other protein factorsis a necessary precursorto the nen.11 Nativegel
electrophoresis, gelfiltrationandglycerolgradientcentrifugationhaveallbeensuccessfullyutilized
to isolate discretecomplexes (H, E,A, B and C) duringspliceosome assembly:2-17 Thesestudies
havebeencarriedout most extensively in mammalian and S. cerevisiae extracts and more recently
in extracts from S. pombe. The following discussion will focusmainlyon mammaliansystems in
the context of alternativesplicing. although some evidence from yeastwill alsobe mentioned.
Therefore. complexes willbedescribed usingmammalian nomenclatureconventions.

In outline, spliceosome assembly (Fig. 1) begins with the ATP-independentformation ofE
(early) complex. in which Ul snRNP recognizes the S' splicesitewhile theprotein factorsSFl/
mBBPand U2AF (Table1)bind to the branchpoint and polypyrimidine tract/3 ' splicesiteAG,
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Figure 1. The spliceosome cycle. U1, U2 and U4/U6-U5 snRNPs are illustrated, in addition
to selected proteins involved in E complex formation; other factors are also required (Table
1) but have been omitted for simplicity. The pre-mRNA substrate shown contains two exons
(grayand white boxes) separated by an intron (black line). Abbreviations: Py, polypyrimidine
tract; U1-U6,snRNPs; SF1, splicingfactor 1/mBBP; 65, U2AF65; 35, U2AF35; FB~ forminbinding
protein (Modified from Moore et aI1993).

respectively. All subsequentstepsareATP-dependent.The prespliceosome, or A complex. forms
upon stableinteraction ofU2 snRNP with the branch point region.This is followedby binding
ofthe U4/U6_U5 tri-snRNPparticleto the 5' splicesiteto produceBcomplex. Subsequentcon-
formationalchangesdestabilize Ul and U4 snRNP interactions to produce B· complex. which
is poised to catalyze the firstchemicalstepofsplicing. A further set ofrearrangements generates
C complex. in which the secondstep ofsplicingoccurs.Upon completionof the secondstep,ad-
ditional structural reorganizations arc required to release the splicedexonsand disassemble the
splicingmachinery so that it canengagethe next substrate.

The following sectionsprovidemore detailed discussions ofeach stagein the in vitro spliceo-
someassembly pathway. with particular focuson control points important for the regulationof
alternativesplicing.

HComplex
Another species relcvantto thesplicingproccss is H complex.Althoughnot anecessaryprecur-

sor to spliceosome assembly. H complexis important becauseit can competewith and regulate
the canonicalpathway. H complexformation requires neither ATP nor the presenceof splice
sites in the transcript. It is named after its heterogeneous nuclear ribonucleoprotein (hnRNP)
constituents," which comprise a diversegroup of chromatin-associatedfactors containing a
rangeofRNA bindingdomain typesbut no RSdomains (refer to chapterbyMartinez-Contreras
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17

Factor

Ul snRNP

U2 snRNP

U4/U6-U5 tri-snRNP

hnRNPs

SR proteins

SFlImBBP
U2AF

Formin binding
proteins

UAP56

Prp5

Prp8

Prp19

Function

Mediates initial recognition of the 5' splice site in Ecomplex via base
pairing with snRNA and contacts with U1C protein. Can be involved
in exon definition interact ions with SR proteins. Interaction with
spliceosome weakened/displaced upon B complex assembly
Forms stable contact with branch point during A complex assembly.
Includes SF3a and SF3b protein complexes that mediate additional
contacts with pre-mRNA branch point region. U2 snRNA contributes to

catalytic site of spliceosome along with U6 snRNA
Tri-snRNP interacts stably with spliceosome during B complex
formation
U4: associates transiently with spliceosome; packages U6 in a
catalytically inactive state
US: snRNA and protein components contact transcript and aligns exons
for splicing reactions . Proteins contribute to active site as cofaetors (see
individual proteins)
U6: snRNA contributes to catalytic site of spliceosome along with U2
snRNA
Diverse RNAbinding proteins with no RSdomain that coat nascent
transcripts and modulate (positively or negatively) nucleation of
spliceosome assembly
Involved in constitutive and enhancer-dependent splicing. Mediate exon
definition interactions via association with Ul snRNP and U2Ap5. RS
domains form sequential contacts with branch point and 5' splice site
during spliceosome assembly
Mediates initial recogn ition of the branch point in Ecomplex
Small subunit (U2AF3S) recognises the 3' splice site and large subunit
(U2AF65) recognises the polypyrimidine tract in Ecomplex, facilitating
subsequent U2 snRNP recruitment. RSdomain of U2AF3S can participate
in exon definition interactions, while RSdomain of U2AF65 contacts
branch point directly
Form a bridge between Ul snRNP and SF1/mBBP in Ecomplex

DExH/D box protein. Promotes stable U2 snRNP-branchpoint
interaction via ATP-dependent weakening of U2AF65 and/or SFlImBBP
interactions
DExH/D box protein. Forms a bridge between Ul snRNP and U2 snRNP
in A complex
Integral component of us sriRNP, involved in formation of contacts
between the tri-snRNP and transcr ipt. Also controls timing of 5' splice
site switch to activate B compex. Acts as a cofactor in RNA-catalysed
splicing reactions and mediates proofreading of splice sites and branch
point
Component of a protein complex required for catalytic step I;
enhances interactions of usand U6 snRNPs with spliceosome. Isyl
component mayact together with U6 snRNA to stabilize a spliceosomal
conformation that favours step I

continuedon next page
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Table 1. Continued

Factor

US-lOOK (Prp28)

US-200K (Brr2)

US-116K (Snul14)

Prp16

Prp17

SIu7

Prp18

Prp22

Prp43

Alta'1JlltiveSplidngin thePOItgenomicEra

Function

DExH/D box protein, US snRNP component.ATPase activity required
for displacement of Ul snRNP during5' splicesiteswitch
DExH/D box protein,US snRNP component.ATPase activityrequired
for destabilization of U4:U6 snRNA duplexduring5' splicesiteswitch
GTPase, USsnRNP component. GTPase requiredforactivation of Prp28
and Brr2 during5' splicesite switch
DExH/D box protein. Mediates ATP-dependent proofreading and
conformational rearrangement between steps Iand II of splicing
Participates in ATP-dependent conformational rearrangements
mediatedby Prp16, following step Iof splicing. Involved in 3' splicesite
proofreading by Prp8
Participates in ATP-independent interactions involving the US snRNA
and Prp8duringstep II of splicing. Potential cofactorfor Prp22-mediated
proofreading
Participates inATP-independent interactions involving the US snRNA
and Prp8duringstep II of splicing
DExH/D box protein.Proofreads step II of splicing and catalyses
ATP-dependent releaseof ligated mRNA product by disrupting contacts
with Prp8
Hydrolyzes ATP to release intron lariatfollowing catalyticstep II

etall. Manyofthesc:proteinsact assequence-and splicesite-independentRNA packagingfactors,"
which arcdisplacedasactivesplicingcomplexes form, OtherhnRNPs exhibit sequencespecificity
and associatewith pre-mRNAsin uniquecombinationsand stoichiomenies.2lU11hislatterset can
affectearlysplicesite recognition. both hdping to ensure correct selectionofconstitutive splice
sitesova cryptic dements and modulating alternativesplicingdecisions.22

SpecifichnRNPs interact, often coopaatively, with enhancer or silencerdements to promote
or inhibit subsequent recruitment of the splicingmachinery to a particular splice site (refer to
chapter by Chasin).23 For example,hnRNP Al and the polypyrimidine tract binding protein
(PTB or hnRNP I) can repressCettain alternativesplicingeventseither bydirectlyblockingbind-
ing ofthe core splicingmachinery to a transcript or byantagonizing positivdy-aetingregulatory
factors.U-26 WdI-charaeterized instancesof repressionbyhnRNP Al involvecompetition with
SRfamilyproteins that promote spliccosomeassembly at particular sitesP.28 In contrast, hnRNP
H and the CELF familyofhnRNPs can function as activatorsor repressorsof different alterna-
tive splicingpathwaysdepending on the context oftheir binding sites and, in the caseof CELF
proteins, on competition with PTB.29-32

EComplex
In competition with H complexis themammalian E complex(Fig.2).1his competition rep-

resentsa prime target for the regulation ofalternativespliclng." Formation ofE complexor the
equivalentyeast commitment complex(CC) irreversiblycommitsa transcript to undergosplicing.
Commitment is defined as the abilityofthe complexto be chasedinto a functional spliceosome
even when challengedwith excess competitor RNA. In S. cereuisiae, two distinct commitment
complexes havebeenresolvedby native geldeetrophoresis:l4.3S CCI, which requires only the S'
splicesite, and CC2, which additionally involves branch site interactions.

In mammals, E complexassembly isinitiatedbyUl snRNPbinding to theS'splicesite.1S.34 1his
interactionisin part mediatedbyRNA basepairingbctweenUI snRNAandpte-mRNAsequences
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Figure2. Ecomplex assembled in itscotranscriptional context. The direction of Pol II-mediated
transcription of the gene (hatched box) is indicated and SR proteins associated with the Pol
II C-terminal domain (thick black line) are shown. Exon definition interactions between an
upstream 3' splice site and downstream 5' splice site are illustrated by gray shading and the
gray arrow. Abbreviations: Ul, Ul snRNP;SRp,5Rprotein; ESE, exonic splicingenhancer; RS,
arginine/serine-richdomain; 65, U2AF6S; 35, U2AF35; SF1, splicingfactor l/mBBP; FBp, formin
binding protein.

encompassingthe conserved GU dement.Recentstudieshaveidentifiedasetoflowabundance hu-
man UI snRNAvariants thatlack complementarity to the canonical GU dinucleotide, but could
potentiallyinteractwithotherpreviouslyidentifiednatural5'splicesitevariants.36.31In experimentsus-
ingcanonicalS' splicesites,extensionofthe complementaritybetween UI snRNAandthetranscript
promotes Ecomplc:xasscmblyinvitroandenhances the potencyofanalternativesplicesite(although.
conversely, it alsoinhibitslaterstagesofspliceosomeassemblybyhinderingUI dissociation).38J9 On
the other hand, in S. cerevisiae at least, disruptionof the basepairing neitherabrogates UI-S' splice
siteassociation nordiminishes itsspeeificity;40proteincomponentsofUI snRNP,includingtheSm
proteins,alsocontributeto the recognition process andstabilize the complcx!I.421he UIC protein
in particular mediates sequence-specific contactswith the 5' splice site prior to the formationof
RNAbasepairinginteractions.38,43,44Recentdatasupportamodelwhercbytheinitialinteractionof
UI C with the 5'splice siteprevents basepairingwithUI snRNA,but asubsequent UI C-mediated
conformational change then promotes the canonical, stablybase-paired arrangement.4S Indeed,
it has been suggested that the relative stabilityof RNA duplexes makes them undesirable for the
earliest contactsbetweena transcriptand the splicingmachinery, but ratherenables them to playa
proofreading and stabilizing rolefollowing initialprotein-mediated recognition.43

At the oppositeend of the intron, initial3' splicesiterecognitionin mammals is accomplished
byU2AFandSFIImBBP:I6A11hese&ctorsbindcooperativelyto theRNAandtheirdirectinteraction
with oneanother is regulatedbySFl/mBBP phosphorylation.S'Iheysubsequentlycol1aborate to
promote stableassociation ofU2 snRNP duringA complexassembly.
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The65and 35IDasubunitsofU2AF recognizethe polypyrimidine tract and 3' splicesiteAG,
rcspectivdy.49.50 U2,AF65is amodularprotein comprisinganRSdomainand threeRRM domains.
RRMsI and2displayhighaffinityfurpyrimidine-/uridine-richsequences; recentcrystallographic
data indicatethat their abilityto recognize degeneratemammalianpolypyrimidine tract dements
derives from flexible sidechains and bound watermolecules."The RSdomainhasbeenshownto
formdirect contactswith the branchpoint inEcomplex-52-53 RNA structureprobingdata indicate
thatU2,AF65 bendsthe transcript to bringthe 5' and 3' splicesitesinto junaposition.54The impor-
tance ofU2AF65in the commitment to spliceosome assembly at a 3' splice site is emphasizedby
observations that its pre-mRNAinteractions and/or function arc prime targets fur Interference
byalternativesplicingregulatorssuch asSri and PTB.25.55 The smalIcr subunit, U2AF35, contains
twoprotein-proteininteractiondomains:onecontactsU2AP5 and theothcr (anRSdomain)may
function in enhancer-dependent splicing.56.57 Under certainconditions, it is required to stabilize
the binding ofU2,AF65 to the sub-optimalpolypyrimidine tract ofAG-depcndent introns.49•58,59

SFI/mBBP contains a zincknuckleand a KH-Q.!!A2 domain. In addition to contactingthe
branch point regionvia the KH-Q.!!A2 domain,60-62 SFlImBBP mayalsoform a bridgeto U1C
bound at the 5'splicesite,throughthe formln bindingproteins.6J Recently, amammalian precursor
to E complexwasresolved under conditions ofU2AF depletion.64ThisE' complexcontains UI
snRNP bound at the 5' splicesiteand SFI/mBBP at the branchpoint. Structureprobing revealed
that the 5'splicesiteandbranchpoint regionswere in doseproximityinE' complex, but thebranch
point A wasnot itselfrequired.Thiscomplexdefines the minimalrequirementsfur commitment
to splicingin mammals and appearsto be functionallyequivalentto yeast CCI.

Inaddition to UI snRNP,scvcrallinesofevidence suggesta weak, ATP-indepcndentassocia-
tion ofU2 snRNPwith Ecomplex.Thisis reminiscentof the concurrentbindingofUII and UI2
snRNPsto transcriptsin theminorspliceosomc.65 TheU2 interactionIsdeeectableonlyundermild
conditions,by immunoprecipitationor MS2/MBP-mcdiarcdpurificationand docsnot require
an intact branch point sequence.66IiT Both U2 snRNA and someof its associated proteins have
been shownto be necessary fur E complexfurmation.66-68 Nonetheless,a functional requirement
fur U2 snRNP in the commitment to splicinghas not beendemonstrated.

SRProteins inE Complex
In mammals, the canonicalsplicingsignalsarchighlydegenerateand do not contain sufficient

infurmation to specifyauthenticsplicesites. The affinityand specificity ofthe aboverecognition
eventsfor thesedegeneratesequences is greatlyenhanced byanextensive networkof cooperative
interactions among the components of these complexes. However, the corranscriprional nature
ofspllceosome assembly,69 coupledwith the factthat mammalianintrons are long, suggests that
introns arc not the primaryunit ofrecognition. Rather, in mammals, it is the exonsthat are ini-
tiallyrecognizedbythe splicingmachinery. Thisconcept ofexon definition involves cross-emn
interactionsbetweenan upsrrcam 3'splice siteandadownsrrcam 5'splicesite.70 Mutualstabilization
ofU2AF-3' splicesiteand downsrrcam UI-S' splicesitecontactscanbe mediatedbymembersof
the SRprotein familythat bind to exonicsplicingenhancersequences (ESEs). Excess SRproteins
can evencompensatefur the absence offunctionalUI snRNP in the commitment to splicingin
HeLaextracts, althoughthe accuracyof5' splicesiteselectioniscompromised/P?Theinvolvement
ofSR proteins in committingtranscriptsto splicingprovidesopportunities fur the regulationof
alternativesplicesiteselection, particularlythrough competition with hnRNPs.

Originally, the RS domainsofSR proteins were thought to mediateonlyprotein-protein in-
teractions.57.73Their capacityto interactwith the RSdomainsofU2AF35and the 70 IDaprotein
of UI snRNP (UI-70K) can enhance the recognition of weaksplice sites.'4.75 More recently,
however, several RSdomainswere shownto contact the pre-mRNAdirectlyduringspllceosome
asscmbly.52.76 PhosphorylationofRS domainsregulates theiractiviryS and mayberequiredto reduce
their non-specific affinityfur RNA, hence enhancingRNA binding specificity." It is important
to note thatthe RNA- and protein-bindingcapacities ofRS domainsarenot necessarily mutually
exclusive and both could betargets for regulatoryeventsinvolved in alternative splicing.
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A Complex
The prespliceosome (A complex) is formed upon stable,ATP-dependent interaction ofU2

snRNP with the pre-mRNA branchpoint (Fig. 3).78-iO Fonnation of the short pre-mRNA-U2
snRNAintermolecularhelixcauses thebranchpoint adenosinetoprotrude.facilitatingsubscquent
nucleophilicattackon the S' splicesite.8l The tight association ofU2 snRNP with the pre-mRNA
coincideswith displacementofSFl/mBBP from the branch site.61,80 UI snRNP alsobecomes
lesstightlyassociated with the transcript than in E complexr" indeed, the presenceofUI is not
absolutelyrequired for U2 recruitment to the branch site.B3

Basepairing ofU2 snRNA to the branch point region is facilitatedby U2Ap65 bound to the
polypyrimidinetract. The U2AF65RS domain is thought to promote basepairing between U2
snRNAandthebranchpoint bycontaetingthebranchpoint andneutralizingthe negativelycharged
phosphate backbone," Subsequently, the RS domain of an ESE-bound SR protein appearsto
contact the branch site/U2 snRNA duplex. replacingthe U2AF6s-branch point interaction and
stabilizingthe prespliceosome."..76 This RNA-binding function ofRS domains maycompensate
for the degeneracy ofmammaliansplicingsignals relative to thoseof S. cerevisiae.77

The essentialU2 snRNP-associated protein complexes SF3aand SF3b alsocontact RNA in
A complex. interacting primarilyupstreatn of the branch site.84.85 The ATP dependenceof U2
snRNP binding to the transcriptderives from confonnationalchangesrequiredto accommodate
SF3-RNAinteractions.861n addition. the p14subunit ofSF3b directlycontactsthe branch point

3'

Figure3.Theprespliceosome(Acomplex) assembledinitscotranscriptional context.Thedirection
of Pol II-mediatedtranscription of the gene (hatched box) is indicated and SRproteins associ-
ated with the Pol II C-terminal domain (thickblack line) are shown. Exon definition interactions
between an upstream 3' splice site and downstream 5' splice site are illustrated by grayshading
and the grayarrow.Abbreviations: Ul, Ul snRNP; U2, U2snRNP; SRp, SRprotein; ESE, exonic
splicingenhancer; RS, arginine/serine-rich domain; 65, U2AF6S; 35, U2AF35.
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adenosine," an interaction thatpersists through subsequent spliceosomal complexes. p14 also
contactsSF3bISS.whichformsabridgeto U2AF6SduringU2 snRNPrecruitment,replacingthe
interactionofU2AF6swithSFl/mBBP.BB,BY

Assembly ofA complex requires the activity of two DExDIH-boxATPascs: UAPs6 and PrpS.
UAPs6wasidentifiedasaU2AF6S-interactingproteinrequiredforsplicingandstableassociationof
U2snRNPwiththebranchpointinvitro.!lO Studies oftheS. cemtisiaeorthologSub2have suggested
an essential functionin ATP-dcpendent wcala:ning ofU2AF6sand/or SFl/mBBPinteractions to
accommodate U2bindingto the transcnpe," PrpS. in contrast. associates direetlywithboth the Ul
and U2 snRNPsand thus has beenproposedto forma cross-intron or cross-exon bridgebetween
theS'splicesiteandthebranchsiteinA complex.!n Communicationbetween Ul andU2hadprcvi-
ouslybeen infarcdfromtheobscrvcdstimulationofU2bindingbyaS'splicesiteor Ul snRNP.'334
Furthermore, theequivalcntUll andU12componentsoftheminorspliceosomearcstahlyassociatcd
as a di-snRNPparticle.6S9STo promoteA complex formation. PrpSmediates an ATP-dcpendent
confurmational change in U2 thatexposes the branchpoint-interactingregion ofthesnRNA.~

BComplex
Initial in vitro analyses definedthe progression from A to B complex as the ATP-dependent

addition ofU4. US and U6 snRNPS.",lllO Multiplelinesof evidence indicatethat thesefactors
existasapreformedU4/U6.US tri-snRNPparticle,in whichtheU4 and U6 snRNAs arcexten-
sivdybasepaircdlOl,l02 to preventprematureformationof the catalytic coreof the spllceosome.i"
Subsequent studieshavedemonstrated a pre-Bcomplex association of the tri-snRNPwith the S'
splice site,mediatedbyUSsnRNAand theUSsnRNPproteinPrp8.IOUOS Thisinteraction.which
is ATP-dependent, couldenablethe U4/U6.US tri-snRNP. alongwith U'l, to participatein S'
splice siteddinition priorto contactingthe 3'splicesiteandU2 snRNP. Subsequently, interactions
between US and U6 snRNAsand cxonicand intronicsequences aroundthe S'splice site replace
earliercontactswith Ul snRNA.11l6-108

Consistentwith reportsof commitmentto splice site pairingin A complex (seebelow), the
transitionto Bcomplexis thefirststageatwhichthepresence ofboth the S'splice siteandbranch
point/polypyrimidine tract is absolutely requircd.12.1~ The 3' splicesite AG. however, can be
dispensable until the secondcatalytic step of splicing.lI o.111

Affinity-purified human B complex containsthe full set ofU snRNAsand over110proteins.
includingapproximately SO that havenot beenidentified in A complcx.111Whereas manyof these
components bind stablyenough to resist heparintreatment,others can only be detected under
milderpurification conditions,ll2.1I3Included in the latter set arc U2AF and the Prp19 complex
(seebdow), aswdl asa numberofSR f.tmUy andrelatedproteins.SRproteinshave been shownto
be requiredto chase prespliccosomes into active spliccosomes in vitro, suggesting that theycould
assist incscortingthetri-snRNP to theassembllngmachinery!" Consistcntwiththis. itwasrccendy
shownthat the RSdomainof an SRproteincontacts the 5' splice siteduringenhancer-dependent
formation of themature spliccosome.Thisinteractionis thought to promotebasepairingbetween
the S'splice siteand U6 snRNA,76

B*Complex
AlthoughB complex containsall of the snRNPcomponentsrequiredfor splicing. it lacks an

active site.Substantial confurmational rearrangements are requiredto activate the spliceosome.
These includedisruptionof the interactionofUI snRNP at the S' splice site,unwindingof the
U4/U6 snRNAduplcx,formationofbascpairinginteractionsbctwccnU6andU2andintcraetions
betweenU6 snRNAandthe S'splice siteto formB· complex.103 Theserearrangements contribute
to the fiddity of S' splice site recognition and reinforcecontactwith the branchpoint.

TheS'splice siteswitch requires theNTPascactivitiesofthrce USsnRNPcomponents: Prp28.
Brr2 and Snu1l4. I1 ,103.IIS S. cerevisiae Prp28 (or its human ortholog US-lOOK) displaces Ul
snRNP, either byunwindingthe Ul snRNA:S'splice siteduplexor,morelikely, bydestabilizing
the interactionbetweenUlC and the pre-mRNA,u6,1I7 In contrast,the ATPase domainof yeast
Brr2(US-200Kin humans)is requiredto disrupt the U4:U6 snRNAduplexand destabilize the
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associationofU4 snRNPwith thespliccosome.1I1.1I9Theactivities ofPrp2S and Brr2appearto be
inhibitedbyPrpSuntil spliceosome assemblyhasoccurred.P" Snul14 (human US-l 16K)further
modulatesATPaseactivities of these proteins. It has beenproposed that the association of the
tri-snRNPwith A complextriggers GTP hydrolysis bySnul14, alteringits interactionwith PrpS
in amanna thatactivatcs Prp2Sand Brr2.121

•
123 Theconformational rcarrangcments rcsultingfrom

this NTPasc cascade areessential for the generationof the activatedB"complex, which ispoised
to carryout the firstchemicalstepof splicing.

B"complexfurmationalsorcquircs thePrp19complex; stablc integrationoftheseproteinsintothe
spliccosomeisassociatedwithrcmodcllingofthe USsnRNPstrI1CtUrC. l 24.125DepletionofPrp19from
HeLanuclearextract blocks splicingafter tri-snRNPadditionbutpriorto the firstttanscsteri.6cation
rcactionp.6 In yeast, the equivalent Prp19complex (NTC) actssubsequent to U4 destabilization,
cnhancingtheintcractionofUSandU6 withtheactivatedspliccosomep7.128 Alsoactingat thisstage
is Prp2,an essential yeast DExHID boxprotein that dissociates from the spliceosome upon ATP
hydrolysis.129.llOWhcrcas theprecise functionofPrp2inspliccosomeactivation ispoorlyundcrstood,
recentdatasuggest that itsbindingto Bcomplex isspecifiedbythe associated factorSpp2.131

TheactivatedB" complexcatalyzes the firsttranscsterification reaction to generate the freeS'emn
andlariat-3'ann intermediates. Theactivesiteofthe spliccosome ismostlikdycomposcdoftheU2
and U6 snRNAsI32-I36 and the US snRNP protein PrpS.I37.138 PrpSis believed to act primarily asa
cofactor to positionthe U2 and U6 snRNAs in a conformation that forms an RNA-based catalytic
COre.IIl3,I39.I40 U6snRNAisthemosthighlyconscrvedRNAcomponentofthe spliccosomcandcontains
two invariant motifs, ACAGAGand AGC; mutations in these sequences canblock. transcsteri£ica-
tiOn.14O,I411heACAGAGelementc:ngagcsinbasepairingintcractionswiththe S'splicesitepositioning
it fur the firstcatalytic step. Parallels canbedrawn between the proposedactive sitestructure of the
spliccosomeandthedivalentcation-dependent ribozyme activitiesoftheGroupIIself..splicingintrons
ofeubacteria andeukaryotic organelles.I42.144 Indeed,in the presenceofmagnesiumions,isolated U2
and U6 snRNAs cancatalyze a reaction resembling the firststep ofsplicing.145

CComplex
Completion of the firstcatalytic step of splicing leadsto formation of C complex, in which

the secondcatalytic step takes place.Althoughthe 3' splicesiteAG isnot essential fur C complex
formation, it is requiredfur efficient ann Iigation.5.I46 Within the activesite, the products of the
firststep ofsplicingmustberealigned to displace the lariat andpositionthe S'ann furnucleophilic
attack. on the phosphodiesterbond at the 3' splicesite.147.l48

Numerouscontactsbetweenthepre-mRNA,the U snRNAsandPrp8arccritical at thisstage.14l.149

Within C compb, theS'and3' splicesitesarchcldincloseproximitybybridgingintcraetions involv-
ing U2 and U6 snRNAsandalsostem loopI ofUS snRNA,whichinteractswithboth the 3' and S'
emns.15O,151 At thispoint,'PrpScontactsthe branchpoint, 3' splice site,S'splice siteand the US and
U6 snRNAs.l05.139J52 Ir hasbeenproposedthat PrpSand U2 snRNAjuxtapose US snRNAloop I
with the catalytic coreto positionthe 5'and 3' splice sitescorrectly.153.154 Finally, the two terminal
nucleotideresidues of the intron engage in a criticalnon-Warson-Crick. base pairing interaction.155

Ir hasrecentlybeen proposedthat a competitiveequilibriumexists hctwcenthe firstand sec-
ond stepconformationsofthe spliceosome.156,157 Changesin the stabilityofintcractions between
U6 snRNA and the 5' splicesite arc thought to modulate this equllibdumi'" the duplex must
be disrupted so that the branch structure can be removedfrom the first step catalytic centre in
preparationfor the secondstep.

The activities of several second step-specific proteins are required in C complexto mediate
the relatedfunctionsof remodelingand proofreading, ensuringcorrect3' splicesite recognition
(secbelow).Conformational rearrangements leadingto the secondcatalytic step arc facilitated
by the essential DExD/H boxprotein Prp16, which interacts transientlywith the spliceosome
and can unwind RNA duplexes in vitro.159-161 Subsequent to ATP hydrolysis by Prp16, acting
in concert with Prp17, the Slu7and PrplS proteins cooperatewith US snRNA and PrpS in an
ATP-independcntstageof the secondstep.I52.I62-I64 Alsorequiredat this stageisthe DExHID box
protein Prp22,whichisrecruitedto the 3' splice site,possiblyviadircctinteractionwithSlu7,,65.166
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Additionally. recentdataindicatean essential rolefurdephosphorylation ofU2 and USproteins
byspliceosome-associated phosphatases (PPI and PP2A) in the transition to the second step
conformation.167 Thesecondtransesterification reactionthen takes place, ligatingthe exons and
liberatingthe Intron,

Product Release and snRNP Recycling
Upon completionof the secondstep of splicing. the multi-protein emn junction complex

(EJC) is depositedat the boundarybetween the ligated exons, the RNA products are actively
discharged fromthe spliceosomeandthesnRNPsandrecycled furfurtherroundsofcatalysis.168-170
BasepairingofU6 snRNAwith the 5' splice site, U2 with the branch point and US with the
emns isdisruptedand the associations ofU2, U4 and U6 areultimately restoredto their original
configuradons."!

Release of the ligatedmRNAproduct requires the ATPase activity ofPrp22, which disrupts
mRNA contactswith Prp8PZ.174 Following dissociation of Slu7,Prpl8 and Prp22. the excised
intron lariat is liberatedfromthe residual spliceosome bythe ATPase Prp43. aidedbyNtr I and
Ntr2.17S•176Thelariatissubsequently debranchedand degraded.177•1711

SnRNPrecyclinginvolves there-association ofU6 andU4 and thenUS.AnnealingofU4 and
U6 snRNAsiscatalyzedbythemammalianproteinpI 10(Prp24inS. cerevisiae). whichdissociates
from U6 upon interactionof the U4/U6 di-snRNPwith US.1I9.1'I9-111 plIO is enriched in Cajal
bodieswhicharethought to be the siteofU4/U6 assembly.III In yeast, the NTC isalso required
fur efficient recyclingofU4/U6.113

Interactions at the Ends ofTranscripts That Promote
Spliceosome Assembly

Manyalternative splicingpathways involve the selection ofdifferentpromotersorployadenyl-
ation signals at the 5' or 3' endsof a gene.The terminalemns of a transctipt represent a special
case of exondefinition.Experiments involving uncappedtranscripts. capanalogcompetitorsand
depletionofthe cap-bindingproteinsindicatethat interactionofUI snRNPwith the S'splicesite
of the firstemn ispromotedbythe 7-methyl-guanosine nuclearcapbindingcomplex (CBC).184
SimUarly, polyadenylation signals stimulaterecognitionof the final 3' splice site: the C-terminal
portionofpoly(A) polymerase interacts specificallywithU2AF6Sandenhances itsinteractionwith
the upstreamintron, increasing the efficiency of splicing and couplingit to 3' end £Ormation.18S

The Holospliceosome Hypothesis
Some recent studies. combinedwith re-evaluation of longer-established observations, have

challenged the traditional sequential viewof spliceosome assembly. A 4SS particle containing
allfivesnRNPs.the Prpl9 complex and additionalassociated splicing factors canbe sedimented
from yeast extraets,186.187 raisingthe controversial possibility of concerted RNA binding by a
pre-assembled complex. Thispenta-snRNPwas preparedat lowsalt concentrations compatible
with splicing and comparable to conditionsunder which the fivesnRNAscan be co-Immune-
precipitated.188-192 When supplementedwith solublesplicing factors. the penta-snRNP could
partiallycomplement snRNAdepletedextracts. Base pairingbetweenthe U4 and U6 snRNAs
providedevidence that the penta-snRNPdid not representa fullymature spliceosome but rather
a precursor. Thesefindings are reconcilable with the previously-determined assembly pathway
if the E, A and B complexes representsuccessive stabilizations, as opposed to recruitments,of
factorsbound to the RNA substrate. Interestingly. whilefreeU2 snRNPwas unableto exchange
with U2 in the penta-snRNP. UI exchange could occur. This suggests that a U2/U4/U6/US
tetra-snRNP particlecould potentiallyinteractwith a commitment/E complex containingUI
snRNP.l87 Similartetra-snRNPs have been observed in HeLa nuclearextract,9S.193 althoughthey
havenot beenshownto be functional.

Further suggestions of penta-snRNPpre-assembly havearisen from additionaldata that ap-
parentlycontradict the established chronologyofeventsin spliceosome assembly. Forexample,
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mammalian Ecomplexes purified usingMBP-MS2 were found to contain functional U2 snRNp;66
this stoichiometric association was not dependent on an intact branch site sequence and was

proposed to represent a precursor to ATP-dependent stabilization to form A complex. Assembly
ofE complex was also shown to require specific modifications ofU2 snRNA,68 and UI-U2
snRNP interactions had previously been detected in HeLa nuclear extraet.l94 Furthermore, an
early ATP-dependent collaboration between UI and U5 snRNPs in 5' splice site definition was
observed in both HeLa and nematode cell extracts: 195thiswas independent ofU2 binding to the
branch point and was found to involve Prp8 as a component ofthe U4/U6.U5 tri-snRNP.

Proponents ofthe holospliceosome hypothesis argue that thesequential spliceosome assembly
model isbased on the isolation or detection ofdistinct complexesin vitro underexcessivelystringent
conditions that do not support splicing.11I7 Whilethe low ionic strength conditions used to detect
the penta-mRNP might mimic the high protein concentrations inthe nuclear environment, it
hasbeen countered that complex assembly on pre-transcribed RNA in nuclear extracts is a poor
re8ection ofthe cotranscriptional splicingprocess thatoccurs in vivo.l96Furthermore, the relevance
ofthe penta-snRNP to the more complex network ofweak interactions that characterize mam-
maliansplicing isunknownand it may be incompatiblewith exan definition and the processingof
transcripts containing multiple exans and introns, k hasalsobeen suggested that the large excess
ofUI and U2 over the other snRNPs in HeLa cells is likely to favor A complex assembly without
obligate association ofU4/U6.U5; indeed, prespliceosomes assembled in tri-snRNP-depletcd
extracts can be chased into spliced products by the addition ofextract lacking U2 .197

Insights from In Vivo Analysis ofSpliceosome Assembly
In contrast to the studies described above, which have attempted to recapitulate spliceosome

assembly in nuclear extracts, experiments have recently been carried out in S. cereuisiae to ad-
dress the pathway by which spliceosomes form in vivo. These studies are critical because in vivo,
the pre-mRNA substrate is intimately associated with both RNA polymerase and chromatin,
and the appearance of the various splicing signals is temporally separated.198,199Thus, the in vivo
situation is radically different from in vitro experiments using pre-transcribed nala:d pre-mRNA
substrates.2OO

The in vivo studies utilized chromatin immunoprecipitation (ChIP) to analyse the interactions
ofselected proteins with nascent RNAs, which in tum are associated with genomic DNA. In sum-
mary. the results oftheseassaysdo not support thepenta-snRNP model Rather, the spatial pattern
ofUI snRNP cross-linking to various genes is reproducibly distinct from thatofU2 and U5. The
peakofUI binding occurs shortly aftcr the 5' splice site is transcribed, while the peakin U2 and
U5 snRNP binding does not occur until much later.WI Depletion ofUI snRNA results in failure
to recruit U2 and U5 to transcripts.l96 In combination with the inverse corrdation between their
cross-linkingprofiles, thissuggests that successful recruittnent ofU2 and U5 requires UI snRNP,
although these snRNPs subsequentlypromote UI snRNP dissociation. U5 snRNP association, in
tum, is dependent on the presence ofU2, and U2 depletion alsoleads to accumulation ofstalled
UI-containingcommittnent complexes. A lagin the cross-linkingofU5 with respect to U2 could
be resolved by ChIP only when a transcript containing a long second exon was analYZCCP02

A number ofcaveatsshould be considered when interprerating ChiP data.2OO Importantly, the
absence ofa cross-linkdoes not necessarily imply the absence ofa particular interaction, since not
allcomponentsor conformationsofa complex are equally susceptible to detection by thismethod.
Moreover, the rdationship between time ofassociation and distance along the gene is not neces-
sarily straightforward. Additionally, the snRNP depletion experiments create an artificial situa-
tion; the observation that a Ul/U2 snRNP-containingpre-spliceosome is able to assemble in the
absence ofUS does not necessarily indicate that it does so under normal conditions. Nonetheless,
the results ofthese ChiP assaysare more consistent with the step-wiseassembly pathway than the
penta-snRNP model In addition, these ChIP experiments have confirmed the cotranscriptional
nature ofSplictng199,202 and indicate that spliceosome assembly proceeds to completion before the
entire gene hasbeen transcribed.
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Commitment to Particular Splice Sites
Ultimatdy.thekcytoaltemativesplicingdecisionslicsin understandingthe splicesitecommit-

ment process. This processoccursin two separable steps:(1)initial commitmentof the transcript
to the splicingpathway. followed by(2) committed pairing ofa particular set of 5' and 3' splice
sites.Commitment of a transcript to splicingin vitro occurs upon formation ofE complex.In
vivo,this event almost certainlyoccurscotranscriptionally as splicesitesemergefrom the don-
gatingpolymerase. However. thisearlystage ofcommitment appearsto beindependent ofsplice
site pairing. which occurs later in spliccosome assembly. In this secrionwe discuss factors that
influencethisdecision.

Trans-splicingis a processwherebyone pre-mRNA substrate containing only a 5' splicecan
be spliced in trans to a second pre-mRNA substrate containing a 3' splice site. This reaction
can proceed efficiendyprovided that the moleculecontaining the 3' splicesite contains an SR
protein binding site or a downstream 5' splicesite.203.204 Moreover.the 3' substrate in this reac-
tion can be pre-assembledinto A complexprior to exon ligation.2M 'Thus, pairingofsplicesites
can be uncoupled from and occurssubsequent to, their initial recognition.

It appears that fur pre-mRNAs that can be alternatively spliced,the splicesites become ir-
reversibly paired in A complex.201This was demonstrated byan elegantkinetic trap assay using
an RNA substratecontaininga single5' splicesiteupstreamofa pair of competing3' splicesites
that could be selectedalternatively depending on the activityof a syntheticsplicingenhancer.
Splicesite pairingcouldbeswitchedafter stallingofspliccosome assembly at E complex, but not
A complex, by adding a splicingactivatorthatbinds to the enhancer.'These experimentssuggest
that splicesite pairingisweakor dynamicprior to the ATP-dependentirreversible selectionof a
particular 3' dement in A complex.201

Interestingly. fur someintrons, the 3' splicesiteAG dinucleotidethat is usedfur emn ligation
is not the sameAG that isdirecdycontactedbyU2AF35 earlyin spliceosome assembly.106 Rather,
the AG dinucleotide usedfur emn ligation is specifiedin an ATP-dependentstep that follows
lariatfurmation.llo A linearsearch modelhasbeenproposedwherebythe firstAG downstreamof
the branch point is identifiedvia a 5·....3' scanningmechanism.207,208 Alternative modelsinclude
selectionaccordingto optimaldistancefrom the branchpoint or a combinationof distancecon-
straints and intrinsicsplicesite strength.2lW.210

AnexamplefromDrosophila ne:atlyillustrates thatcommitmentto thesplicingreactionandsplice
sitepairingcanbeuncoupledanddemonstrazes that alternativesplicingcanberegulatedevenat the
lateststages ofthe splicingreaction.AutoregulationofSex-lethal (Sxl) splicing requires an unusual
3' splicesite arrangementcontaining two AG dinucleotides.106 'The distal AG and its associated
polypyrimidine tract areessential fursplicingandareinitiallyrecognizedbyboth subunitsofU2AF.
However, after the first step ofthe splicingreaction.the proximalAG is preferentially selectedfur
emn ligation.This splicesiteswitchrequires the spliccosomal protein SPF45.whichcommitsand
activates theproximaldinucleotidefursplicing. SPF45isantagonizedbySXLprotein afterthe first
step ofsplicing,resu1tingin emn skipping. Interestingly. asimilarmechanismwasfoundto activate
a cryptic3' splicesite in ahuman ~-globin mutant associated with ~thaIassacmia.106

Proofreading
Particularlyin the conten of alternativesplicing.questions arise regardingthe mechanisms

that allow the spliceosome to accommodateflexibility and degeneracy in pre-mRNA sequence
dements whilemaintainingthe abilityto recognizeauthenticsplicesites accuratdy.'Themultiple
sequential recognitioneventsthatoccur at each of the pre-mRNAdements during spliceosome
assembly help to ensuretheir correctidentification. Furthermore,the spliccosomalDExD/H box
ATPases canactasmediatorsofproofreadingfunctionsthat ensurethe fiddity ofpre-mRNAsplic-
ing.159.211 As discussedabove. these proteinsare required to facilitate rearrangements throughout
spliccosome assembly and disassembly. 'The proofreadingand conformationaltransitionsarenot
separable functions. but representtwo outcomesofthe sameactivity, coupled to the irreversible
stepofATPhydrolysis.157.212It is currendythought that the two catalyticstatesofthe spliccosome
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arein akineticequilibrium. inwhichthe balancebetweenaltc:mative comformations that promote
substraterejectionor catalysis formsthe basisofkineticproofrcading.156.157

Prp16(Fig.4A) wasinitially identifiedin ascrccninS. cerevisiae cdIsdisplayingreducedfiddity
ofsplicing. IS' A correlationwasobservedbetweenimpairedPrp16ATPaseactivityand enhanced
splicingefficiency ofbranch point mutant transcripts: an increasedrate of transition from the
lim to the second catalyticstep conformationwasable to out compete the discardpathwayfor
mutant lariat intermediatesfrom the activesite.85.213 Similarly, U6 snRNA and Prp8 contribute
to the accuracy of splicesiteselectionbymediatingoppositeeffectson the efficiencies of the two
transesterification reactions.152.214-216 U6 snRNA is involved in branch point and 3' splice site
recognition.whilePrp8 isadditionallyrequired for the fidelityof5' splicesite recognition.It has
beenproposedthatPrp8 stabilizes an RNA tertiarystructure that juxtaposes U6 snRNAwith the
two endsof the intron.217,218 Geneticevidencefromyeaststudiessuggests thatphosphorylationof
an unknown substratebySky1. amemberofthe SRprotein kinasefamily, contributesto accurate
AG recognitionbyPrp8 and PrpI7.2191he Isyl component ofthe yeastPrp19 complexwasre-
centlyfound to suppress aPrp16mutant thatexhibitsreducedfidelityofbranch point selection.220
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Figure4. Spliceosomalproofreadingmechanisms.A) Prp16-mediated proofreading.Inconcert
with Isyl,PrpBandU6snRNA, Prp16modulatestheequilibriumbetweendistinctfirstand second
catalytic step conformationsofthe spliceosome. Mutant lariatintermediatesare discarded from
the active site, but mechanistic details are poorly understood at present. B) Prp22-mediated
proofreading. (Adapted from Mayas et al 2006.) Competition is proposed to occur between
exon ligationand ATP-dependentrejectionofdefectivestep Isplicingproducts. Fora wildtype
substrate, exon ligation is followed by Prp22-mediated mRNA dissociation(k.,.",,;g.tion>k,.jectionl;
fora mutant substratewith slowerstep II kinetics,ATP hydrolysis by Prp22results in rejectionof
the aberrant intermediate(k.,.",UiFon<k,qection!. Substraterejection maybe followedbyirreversible
discard of the intermediatesor by return to a previous conformation
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DeletionofIsyl in a Prp16 wild type background causeda decrease in the accuracy of3' splice
sitesdection; these data suggest thatPrp16 is released prcmaturdy fromthe spliccosome in the
absence of Isyl, allowing the secondstepof splicing to proceedon mutant substrates. Mutations
in Isyl and U6 snRNAdisplay syntheticlethality. providingfurther evidence that Isyl and U6
snRNAcollaborate to enhancethe fidelity of3' splice siteselection, ThenormalfunctionofIsy1
couldthereforebeto act in concertwithU6 snRNAto stabilize aspliccosomal conformation that
favors the firststepof splicing.

Subsequent to Prp16 action.yeast Prp22 mediates proofreadingduring the secondstep of
splicing, further enhancingfidelity (Fig.4B).221 Prp22 appears to increase the accuracy of splice
siteselection eitherbyrcjectingdcfi:ctive first stepsplicingproductsor bypromotingexonligation
in anATP-dependent manner.1S7The mechanism ofsubstraterejection remains unclear, but Slu7.
which interactswith Prp22166 and is required for correctpositionalselection of3' splice sites,l62
mayact asa cofactorfor Prp22.

Finally. the chromatin-associated protein DEK appears to promote correct3' splice site se-
lectionby U2AF.212•222 In the absence ofDEK. U2AF cannot distinguish betweenAG and CG
dinuclcotides at the 3' splice site. It appears that phosphorylated DEK interactswith U2AFl S

and enhances its interactionwith the 3' splice siteAG. therebypreventing thebindingofU2AF 6s

to polypyrimidine tracts lacking a downstream AG dinucleotide. It willbe of great interest to
investigate the idea that DEK is involved in kineticproofreadingbymodulatingthe activity of
a spliceosomal ATPase.2221his work alsoraises the possibility of a phosphorylation-dependent
switchin the association ofDEK with chromatinor splicing factors.212

Final Comments
2007 marksthe 30th anniversary of the discovery of Introns,and it hasalso been about two

decades sincethe spliceosomewas firstidentified. In thattime.remarkableprogresshasbeenmade
inourunderstandingof thecomponentsandinnerworkingsofthisamazingmachine. Nonetheless,
particularly in relationto alternative splicing. the devil is in the details. Muchstillremains to be
learnedabout the intricacies of the spliceosome and the carefully controlledpathways thatdeter-
minethe functionof its components. With somanypotentialpointsofcombinatorial regulation
in spllceosome assembly. it mayemerge thateachalternative splicing event is determinedbyits
own uniquesetof interactions.
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CHAPTER 3

Relating Alternative Splicing
to Proteome Complexity
and Genome Evolution
Yi Xing and Christopher Lee"

Abstract

P
rior to genomics, studies of alternativesplicingprimarilyfocused on the function and
mechanism ofalternative splicingin individualgenesand emns, Thishaschangeddramati-
callysincethe late1990s.High-throughputgenomics technologies. suchasEST sequencing

and microarraysdesignedto detectchanges in splicing.ledto genome-wide discoveries andquanti-
fication ofalternativesplicingin awiderangeofspecies fromhumanto Arahidopsis.1.2 Consensus
estimates ofASfrequencyin the human genomegrewfrom less than 5%in mid-1990sto ashigh
as 60-74% now.3 The rapid growthin sequence and microarray data for alternative splicing has
madeit possibleto look into the globalimpact of alternative splicing on protein function and
evolutionof genomes. In this chapter. we review recent research on alternative splicing's impact
on proteomic complexity and its rolein genomeevolution.

Alternative Splicing and Proteomic Complexity
Alternative splicing is a ubiquitousregulatorymechanism atprotein function," In the central

dogmaofmolecularbiology.onegenemakes one protein.whichcarries out aspecific function. In
1978.WalterGilberthypothesized thatvariations insplicing.Le.•alternativesplicing, cangenerate
functionally distinct protein products from a singlegene.' Nowadays, it is widdy acceptedthat
this newparadigmof"onegene,manyproteins"is howweshould think about genefunction and
regulationin highereukaryoees,

When an alternative splicing eventoccurswithin the protein-coding regionof a gene. it can
modifythe protein product in a varietyof ways. If the length of the alternatively splicedregionis
an exact multipleof three nucleotides, alternative splicingwillinsert or remove apeptidesegment
without affecting the rest of the protein. Suchalternative splicing events arc ofien rcfcrrcd to as
"frame-preserving" altemativesplicingevents (seeFJg-l).Bycontrast,ifthelengthofthealtcrnativcly
splicedregionis not a multipleof three nucleotides, alternative splicingwillshift the downstream
readingframe.Suchalternativesplicingeventsarcreferred to as"frame-switching" alternativesplicing
events (Fig.1).Genome-wide analyses ofalternative splicing in humanandother eukaryotcs show
that40% of alternative splicing events arcframe-preserving, similar to the percentage expected by
randomchance(-40%).6Interestingly, this percentage is muchhigherin evolutionarily conserved
alternative emns.7-l0 For exonsobservedto be alternativdysplicedin multiplespecies. 50-70%
arc frame-preserving. A recent analysis of mousesplicing microarray data indicates that 53%of
tissue-specific emns in mousearcframe-preserving'! (alsoseell ) . Takentogether, thesedatasuggest
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Alternatively spliced exon is frame-preserving if exon length is anexact multiple of
three nucleotides: does not modify downstream protein sequence
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Figure1.Exon lengthdetermineswhetheranalternativelysplicedsingle-exonskipisframe-preserving
or frame-switching. We define an alternatively spliced exon as frame-preserving if its length
is an exact multiple of three nucleotides, as its alternative splicing will not alter the protein
reading frame of subsequentexons(top). Reproduced from: Resch A et al. Nucleic Acids Res
2004; 32:1261-1269;8 with permission of Oxford University Press.

thatevolutionarilyancient "functional" alternative splicing events tend to add or delete a modular
protcin-codingunitwhile keepingthe rest oftheprotein intaet.1t iswonh notingthata large num-
ber offrame-switchingalternativesplicingevents introducepremature tennination codons (PTCs)
into the transcript isofOrms.13The mRNA nonsense-mediated decay (NMD) pathway isactivated,
leading to the degradation ofthe premature transcripts l 3,14 (refer to chapter by Lareau et al).

Alternative splicing can cause large insertions or deletions within the protein product, or
subtle changes as small as a few amino acids. Wang and colleagues show that the length ofal-
ternatively spliced regions follows an approximate power-law distribution.IS Statistical analyses
ofalternative cassette exons show that they are Significantly shorter than constitutive exons,"
and the occurrence of alternative splicing is much more frequent in micro-ezons (i.e., exons
less than 30bp),17In an extreme situation, alternative splicing at NAGNAG 3' splice sites shifts
the site ofexon ligation by 3nt, causing the insertion or deletion ofa single amino acid to the
resulting protein Isoforms," However, it is not clear whether such a single amino acid indel
event is functionally relevant, or simply reflects the inherent noise and stochasticity in splice
site recognlrlon.P

Altemative Splicing ofProtein Domains and Functional Sites
In many cases,bioinfurmatic analysesoffull-Iength protein isoform sequences can suggest the

functional consequence ofa specific alternative splice form. Figure 2 shows one such example.
Xu and colleagues identified a novel alternative splice fOrmin the serine/threonine kinase gene
WNKl.20 WNKI and its kidney-specific homolog WNK4 express proteins that localize to the
distal renal tubules ofthe kidney and play an important role in maintaining salt balance ofthe
body,"Interestingly, WNKI expressesa novel splice form specifically in the kidneythat contains
a novel exon upstream ofexon 5. This novel kidney-specific splice form disrupts the N-terminal
kinase domain encoded by the non-kindey WNKI Isoform. Based on such bioinformatics
evidence, Xu and colleagues hypothesized that alternative splicing of WNKI down-regulates
WNKI kinase activity in the kidney, allowing the WNKI activity to be replaced by WNK4.
Misregulation ofthis splicing event can lead to elevated kinase activity and might be responsible
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Figure 2. Kidney-specific alternative splicing of WNKI. A) Gene structure for exon IV-VIII of
the WNKI gene. Exons are shown as boxes and colors show alternative exons. Splice a is
specific to kidney. The putative in-frame stop codon TGA and start codon ATG are indicated.
B) The two alternative forms of WNKI mRNA inferred from the expressed sequence data and
the schematic representation of WNKI protein sequences. The conserved kinase domain, two
coiled-coil (CC)domains and the corresponding protein regions of mRNA forms are indicated. ·
Three amino acids (K233, C250, D368) that are required for the kinase activity of WNKI are
marked by flags on the WNKI protein. Xu Q et al. Nucleic Acids Res 2002; 30:3754-3766;20
with permission of Oxford University Press.

for pseudohypoaldostcronismtype II (PHAII) hypertension.P'Ihese bioinformaticspredictions
were followed by a seriesof experimental investigations. whichestablished the existence and
functional importance ofWNKI alternativesplicing.22•26

A number ofstudieshave performedsequence-analyses offull-lengthprotein isoforms to in-
vestigate the globalimpactof alternative splicingon protein domains.Krivcntsevaand colleagues
extracted4084 protein isoforms of 1780 genesfrom the SWISS-PROT database and mapped the
altcmativcly splicedregionsonto protein domain annotations in Pfam, SMARTand PROSITE.
Their analysis indicatesthat alternative splicingtends to remove or insert a protein domain in its
entirety (33% of alternativdysplicedregions, comparedto 16%expected bya random model)."
Similarly,short alternativesplicingcvcntswithinproteindomainstendto target functionalresidues
more frequentlythan expectedbyrandom chance. Thesedata suggest that natural selectionfavors
the useof alternativesplicingin creatingfunctionaldiversity of the proteomc.Liu and colleagues
collected932 human geneswith multiple RcfScq transcripts in the NCBI Locuslink database,"
Twenty-fourCDD (ConservedDomainDatabase)domainshad astrongbiastowardsalternativdy
splicedregions. Thesedomainsarc involvedindiverse biologicalprocesses suchasapoptosis, calcium
signaling, transcriptionalregulation. etc. Resch and colleagues constructed a full-length protein
isoformdatabase from EST sequences. consisting of 13384 full-lengthisoforms of 4422 human
gencs.6.29Thcy identifiedfiftyCDD domainsas beingprcfcrcntially targeted byalternative splic-
ing. includingmanywdl-knownprotein interactiondomainssuchasKRAB domainand ankyrin
repeats. In the Kruppd family of transcriptionfactors. alternative splicinghas a strikingly strong
tendencytoward disruptingits protein interactiondomain (KRAB repressor domain),whiIc leav-
ing the DNA bindingdomain intact.Alternative splicingof thesetranscriptionfactors acts lila: a
"switch~ convertinga transcriptional repressor into an activatorbymming offkcyprotein-protein
interactions. Preferential domaintargetingbyalternative splicingwas also observedin mousetran-
scriptionfactors.:lO Althoughemn skippingcommonlyleadsto the dismption ofprotein domains.
Hiller and colleagues show that it can also create new domainsbyjoining two nonconsecutive
cmns together,"
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Another subject of cncnsivc studies is the alternativesplicingof transmembrane segments.
The release offunctional fragmentsfrom membrane anchoragevia proteolysisis a well-known
regulatorymechanismoftransmembraneproteins.32 Interestingly, alternative splicingcanproduce
a similareffect, byremovingthecxoncodingfor the transmembranesegment.Forexample, alter-
native splicingof IL-6R can createa solubleisoformthat activates IL-6R signaling in cells with
no endogenousIL-6R expression.33 Genome-wideanalyses ofalternativesplicingin human and
mouse genesindicate that alternativesplicing-mediated removaloftransmembranesegments is
prevalentingenesencodingsinglc-pass membraneproteins.34.35 Manymembrane-boundreceptors
generatesolubleisoformsbyalternativesplicing. Thesolubleisofonn canactasa diffUse signalfor
activatingsignalingin other cells (suchas IL-6R),or asan antagonist to the signalingpathwayin
the originalcells bycompctingfor ligand.Davisand colleagues useda membraneorganizationan-
notation pipelineto analyze 8032mousegeneswith multipleprotein isoformsin theFANTOM3
database.36 They classified protein isoformsinto solubleintracellularproteins, solublesecreted
proteins, type I membraneproteins, type II membraneproteins and multi-spanningmembrane
proteins.The conversionbetween solubleproteins and membraneproteins was found to be the
most frequent type ofconversionbetweendifferentprotein isoformsofthe samegene.36

Theselarge-scale analyses of protein isoforms(alsosee refs. 37,38) shedlight on the role of
alternativesplicingin regulatingprotein function. Other mechanisms ofgeneregulation,suchas
transcriptionalregulationand micoRNA-mediatedtranslationalrepression, changethequantity
of the finalprotein product. In contrast, alternativesplicingcan create a new protein with very
differentfunctionsbyalteringits key functional regionssuchasglobulardomainsand subcellular
localizationsignals.Fromanevolutionarypoint ofview, alternativesplicingislikenature'sprorcin
engineeringexperimentto test the functionalityof novd protein forms (seedetails bdow).

Alternative Splicing and Protein Structure
In contrast to the large amount of sequencedata available for alternativdy splicedproteins,

there isvery limited structural informationfor alternativdysplicedproteins.Sofar3D structures
foronlyahandfulofprotein isoformpairshavebeensolved(secasummaryin ref. 39).In two cases
(EDA-A andAdGST-l), alternativesplicinginserts less than ten amino acidsinto foldedregions,
causinga slight structural rearrangement. In three other cases, alternativesplicingaltersprotein
segments that arcintrinsicallydisorderedand the structured regionsofthesethreeproteinsremain
unaltered.Romeroand colleagues collected46 alternativdysplicedproteinshavingexperimentally
charaetcrizeddisorderedregions,"3496 oftotal residueson theseproteinsarclocatedin disordered
regions.The percentageis significantly higher for alternativdy splicedregions, with 5796 ofthe
residues beingdisordered.The same trend was observedin a larger dataset containing proteins
with computationallypredicted disordered regions.Disordered regionstend to be enriched for
protein functionalsitessuchasbindingsitesforSH3 domainorsubstratesitesforposttranslational
modification.Thereforethehigh preferenceof alternativesplicingin disorderedregionsprovides
a meansto expand the functional diversityofproteins without disrupting the protein structure.
In fact, sincethe frequencies ofalternativesplicingand protein intrinsic disordersboth increase
dramaticallyin higher eukaryotes, Romero and colleagues suggestthat expansions of these two
phenomenons might be evolutionarily linked."

A fewstudieshaveusedstructureprediction toolsto investigate the impactofalternativesplic-
ing on protein structure. Wangand colleagues collectedstructuresof 1209 alternativdy spliced
proteins, including351from PDB and 858 from computationalstructurepredictions.Theyshow
that alternativesplicingeventstend to occurin coiledregionsand arcusuallylocatedat the surface
ofproteins.IS Wen and colleagues focusedon 57 cases of very-shortalternativesplicing(VSAS)
eventswith lessthan 17aainsertionsor deletionsand computationallypredicted the secondary
structures of these protein isoforms. In 2/3 of the cases, alternativesplicinginserts a fragment
with a predicted secondarystructure different from those of its Bankingsequences. This result
suggeststhat short alternativesplicingeventsmighthavean unexpectedlysignificantimpact on
the protein produets.40 This is indeed the case in the alternativesplicingof the Piccolo gene,"
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AlternativesplicingofPiccoloinsertsnine aminoacids into its C2A domain.Structuralmodeling
predicted thisprotein segmentto elongatea surface loop without affecting the Calciumbinding
site ofPiccolo.However, NMR structure determination of the longer isoformindicated a very
surprising3D structure.Thenine-amino-acidinsertion displaceda beta-strandin the coreof the
protein, triggeringa large conformationalchangeand altering the Calcium binding activityof
Piccolo.Thisexampleunderscores the importanceofusingexperimentalapproaches to studythe
impactofalternativesplicingon protein structure.

Altemative Splicing and Genome Evolution
. Over the last fewyears. another major theme hasemerged: theeffectof alternativesplicing

011 variousprocesses of genomeevolution, ranging from the small scale(individualnucleotide
mutations) to the large scale(e.g; emn creationand loss). In thisconnection,it is significant that
GUbert's earlyproposalofthealternativesplicinghypothesis explicitly suggested that it couldmala:
important contributionsto genomeand proteomeevolution.' Shortlyafter alternativesplicingen-
teredits "genomicera"(via large-scale EST analyses),bioinformaticsresearchers beganto examine
thisintriguinghypothesisusinggenome-wide alternativesplicingdatabases.

Severalparallel linesofevidencesuggestthat alternativesplicingis associatedwith reduced
selectionpressure(and thus more rapid evolutionarychange)than isobservedin constitutivdy
splicedregions. For example, Sorekand coworkersshowedthat Alu sequences, which normally
are considereddisruptive of protein coding regions,are in fact found in protein-coding emns,
but only in alternativdy splicedemns.42Theyargued that Alu dements would not be tolerated
in constitutive emns due to negativeselectionpressureagainstdismpting the protein product,
but evidently are tolerated in alternative exons (which are only included in a fraction of the
transcripts synthesizedfrom the gene). Similarly, a comparativegenomicsstudy ofemn con-
servation found that altemativdy splicedemns showmuch more rapid ratesofturnover during
mammalianevolution (emn creationand loss)thando constitutiveexons, '3 Specifically, the emn
inclusion level(the fraction oftranscripts ofa genewhich contain a givenemn, estimatedfrom
EST data) madea crucialdifference: constitutive and major-form exons(those included in the
majority oftranscripts) werestrongly conserved (e.g.•98% are conservedbetween mouse and
human). but minor-form emns (those included in only a minority of transcripts) werehighly
divergent (about three-quarters areexpressedasemns in mousebut not in human, or vice-versa
and indeed havepoor homology to the orthologous gene in human). Theseresults suggested
that minor-form alternativelysplicedemns undergo much more rapid creationand lossduring
mammalian genomeevolution.

A number of studieshaveanalyzedsuch "genome-specific" emns. Pan et al designeda DNA
microarrayto detect alternativesplicingand to measureemn inclusion levels quantitativdy."
Comparing themicroarray-measured inclusion levels vs. emn conservation patterns between
mouseandhuman,they foundthatonlyasmallfraction(aboutaquarter)ofmajor-formemus were
"genome-spedfic';but thatalargefraction(over70%)ofminor-formemns were"genome-specific".
Studies of conservationof constitutiveezons vs, alternativeemns in insects'5 obtained similar
results. indicating that thispattern may be a general feature of alternativesplicingin genome
evolution.Pan and coworketsalso showedthat alternativesplicingintroducesanother newform
ofplasticityin genomeevolution.which they referred to as "species-specific alternativesplicing':
Whereas constitutiveemns display little evolutionarychangebetween human and mouse (e.g.•
98%areevolutionarily conservedbetweenthe two species), a substantialfraction(11%)ofemns
thatarealternativdysplicedin one species are found to be constitutivein the other species.46 lt is
notable that sucha majorchange(skippingofan entireemn) hasevolved at suchahigh frequency
(11%of cases) during mammalian evolution;for purposesof comparison, thisis about the same
rareasisobservedat theoppositeextreme,forveryminor changes-single nucleotidemutations.
most of them silent-in humanvs.mouseexons,Again,the implicationisthat alternativesplicing
isassociated with rapidevolutionoflarge-seale changesin genestructure,which couldhavelarge
effects on geneproducts and functions.
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Recent studies have sought to distinguish exon creation vs. exon loss events during genome
evolution.47•411 When an cxon is present in one modern genome but absent from another, this
can be explained either by creation ofa novel cxon in the branch leading to the first genome,
or by loss ofan ancestral cxon in the branch leading to the second genome. This corresponds to
inferringwhether the exon was absent or present in the most recent common ancestor (MRCA)
ofthe two genomes, which can be evaluated by comparing with more distantly related genomes
(so-called "cutgroup" analysis). Wang and coworkers analyzed novel cxons in rodents, by com-
parison ofmouse vs.human, using pig as an outgroup," and measured a substantial cxon creation
rate (2.71 x 10-3 per gene per million years). They concluded that most new exons were created
as minor-form alternatively spliced exons, via "ezonization" ofintronic sequences (e.g., creation
ofsplice sites by mutation). Alckseyenko and coworkers have performed a large-scale analysis
of cxon creation and loss in 17 complete genomes. spanning 350 million years ofvertebrate
evclution," combining independent analyses of alternative splicing in each of 15 species and
analysis ofexon creation and loss ofboth constitutive and alternatively spliced exons in mam-
mals. fish and birds. They used outgroup analysis and genome-wide multiple alignment ofthe 17
genomes by UCSc.50.51 These data showed that the crucial importance ofexon-incluslon level
for determining the exon-creadon rate was observed in all species and at all timescales (Fig. 3).
In general. major-form cxons behaved like constitutive exons, both with very low cxon creation
rates. By contrast. medium-form and minor-form AS exons displayed dramatically higher cxon
creation rates. Indeed during the course ofvertebrate evolution, these two categories represent
almost opposite evolutionary histories: whereas >90% of major-form and constitutive exons
are older than 350 my, it appears that approximately 90% ofexisting minor-form exons were
created in the last 350 my.

Taken together, these studies show the potential power ofcomparative genomics for eluci-
dating the role ofspecific mechanisms like alternative splicing in genome evolution, but only
scratch the surface relative to what's possible. An intriguingexample ofan inventive method for
mining evolutionary history from modern genomes is provided by the recent study ofShemesh
and coworkers. who analyzed processed pseudogcnes as "genomic fossils"to reconstruct ancient
transcript isoforms." They took advantage of the fact that spliced transcripts are occasionally
reverse-transcribed and randomly inserted into the genome as "processed pseudogenes" Such
pseudogenes are commonly thought ofas "junk DNA", but like repetitive sequences they record
potentially interestinginformation about genome history and evolution. Shemcsh and coworkers
mined this information by comparinghuman processed pseudogene sequences against modern
gene structures and were able both to discover novel transcript isoforms that are still "in usc"
(detectable in human mRNA by RT-PCR) and to discover ancient transcript isoforms that
reveal important events in gene structure evolution (e.g.• creation ofnovel splice sites). With
such inventive analyses, the "book ofevolution" is open for reading and the rapid accumulation
ofmany genome sequences should make for "interesting reading".

All of these specific results make sense within Gilbert's original model and can be sum-
marized by a simple picture ofalternative splicing as a mechanism for opening up neutral (or
ncar-neutral) pathways ofevolution, by reducing negative selection pressure against large-scale
changes in genome evolution. Ifa novel cxon is inserted as a constitutive cxon into a functional
gene, it is likely to disrupt either the protein reading-frame, or at least one important structural
or functional element in the protein product. Thus, there is significant negative selection pressure
against random cxon creation events in functional genes. Bycontrast, if the same exon creation
was introducedas a minor-form alternatively spliced exon, the original transcript isoform would
still be produced in approximately the same amount as before and thus there should be little
impact on reproductive fitness. This "neutralization" ofnegative selection pressure frees the new
exon to evolve rapidly (Le., accumulate mutations. since there is little negative selection pressure
against them) and in this way possibly evolve a useful new function. Any useful new function
could be fixed by positive selection.
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Altemative Splicing and Amino Acid Mutation Selection Pressure
Thismodel predicts that alternativelysplicederons should be associatedwith a rdaxation of

negativeselectionpressureagainstnot onlycmn creation,but awidevarictyofmutationalprocesses.
One areathathas receivedmuch studyis the accumulationofamino acidmutations.Manygroups
have comparedamino acidmutation selectionpressuremetrics(dn/ds,or KalKs)for alternatively
splicedcmns vs. constitutivecmns and allofthcm have found markedincreases, implyingreduced
negativeselection pressure in alternatively splicedcmns.~l.'il Again, as for eron creation, this
dfca appearsto be stronglylinked to eron inclusion level:major-formemns show KalKslevels
similarto constitutiveemns, whereasminor-form cmns showthe largest change.57.sB Thispattern
may be general For example. negativeselection pressure against another type of evolutionary
change (introduction ofpremature termination codons)also appearsto be relaxedin minor-form
alternativetranscripts ascomparedwith major-formalternativetranscripts.61

Theseresultssuggestthe intriguingidca ofevolutionary"hotspots»within aprotein sequence:
one portion of the coding region,provided byan alternatively splicedexon, apparentlycan have
a much higher rate of amino acid mutations than the rest of the protein. A classic example is
BRCA1.54.63 Hurst and Palfirstreponed the finding thatBRCAl has a Ka/Ks"hotspot» (in the
region between codons 200-300, Ka/Ksrises to peakvaluesof2.0-S.0,indicatingpositiveselec-
tion). Ordinarily.Ksisassumedto representthe neutralbackgroundmutation rate and thusshould
be approximatc:ly constant within a gene,while the Kavalueis expected to reflecrvaryinglevels
of amino acid selectionpressurein different regionsofthe protein. Surprisingly, in this regionof
BRCA1, the opposite pattern was observed: Karemained relatively constant, while Ksplunged
several-fold, resultingin theobservedincreasein theKalKsratio. Subsequently, Orban and Olah
pointed out that thisregion isalternativelyspliced(eron skippingofexons9 and 10 and alterna-
tive 5' splicingoferon II) and thatthe region oflowestKsoverlaps two putative emnic splice
enhancers (ESE) elcments.63 They proposed that this result might reB.eapurifyingselectionon
regulation of alternativesplicingin thisregion.

Altemative Splicing and RNA Selection Pressure
Thissurprisingresult,alongwith cluesfrom genome-wide comparativegenomicsstudies,sug-

gestedthat rdaxation of selectionpressurewas not the completestory.Alternativesplicingimplies
rcgulation:whcrcas constitutivecmnscanbespliccdin an unrcgulatedmanner(ic., always spliced},
alternativeemns may require regulatory dements either to activateor suppresstheir splicingin
specific tissues or circumstances. The functional importance ofsuch regulatory dements in turn
wouldcreate a new levelof selection pressure. this time on the RNA sequence (as opposed to
the amino acid sequence).We will refer to this as "RNA selection pressure"The elucidation of
evidencefor RNA selectionpressureand analysis ofits relationshipwith alternativesplicinghave
been an important focusof recent research. Two rather differenttypesofstudieshaveconverged:
comparativegenomicsanalysis of highly conservedgenomicregions;and studiesof alternatively
splicedcmns and their flankingintrons.

Initial comparisons of the mouse and human genomes uncovered one major surprise: the
existenceof"ultraconscrvcd" regionsofcompletesequenceidentity,c:ncndingover hundreds of
nucleotidesin length.64 and shownbyfurther analysis to bealmostcompletelyconservedin chicken
and dog aswell. Intriguingly, most ofthese regionswere not in protein-coding exons (whichare
commonly thought ofas the most conserved regionsofsequencein the genome), but rather in
introns, The findingof a statisticalassociationofthese regionswith genesinvolvedin RNA bind-
ing and splicingregulation and their proximity to alternatively splicederons, led Haussler and
coworkersto rnggcstthat such regionscould be involvedin regulationof alternativesplicing.The
authors alsofound much larger numbers ofsmallerultraconscrvcd regions: over 5000 oflength
100 nt or greater and tens of thousands at lowercutoffs. Thus ultraconscrvcdregionscould play
an important part in the regulation of a significantfraction ofgenes.

Sironi and coworkersanalyzed the distribution of multispecies conservedsequences(MCS)
acrossannotated introns.65,66They found thatMCS density was invcrsdy correlatedwith intron



sizeand com:latc:dwithproximityto conserved alternativl:: splicingevcnts.Furthermore, mapping
ofaperimentallyvalidated inttonicsplice rcgulatorydcmcntsfoundthatabouthalfcorrespondto
MCS regionsidentifiedbycomparative genomics.Thusthese MCS not onlyappcarto bestrongly
Iinkcd with alternative splicingregulation, but mayactually identify the majorityof functional
regulatorysites.

Approachingthe problemfrom the oppositedirection, studies of alternatively splicedcmns
reachedsimilarconclusions.IO,56,5B,67'70 Forexample, Sugnetet allOreported that cmn skippingwas
associated with substantiallyhigher conservation in the flanking inttons (apprmimatdy 70-8596
identityfor alternative cmns, vs. 60-6596 for constitutivecmns), for at least100nt on eitherside
of the alternative cmn. Theyalso observed a slight increase in petcent identitywithin thecmn
itsdf(apprmimatdy9096 identityforalternativecmns,vs. 80-8596 identityforconstitutivecmns).
Theyalsoexaminedalternative-S' and alternative-3' splicingpatterns and again found increased
intronic conservation, but onlyon one side,in the intton immediatdyadjacentto thealternative
splice site.Similarresultshavebeenreportedbyothcrs.56.58.69.70 It has proveduseful to disentangle
the effects of amino acidselection pressure (e.g.,asmeasuredby Ka/Ks) from pure -RNA selec-
tion pressure" (e.g., as measured at synonymous sites by Ks)56.5UI,65 (for a reviewconsidering
the possible couplingofKs effects and Ka/Ksmeasurements secref. 71).Analyzedthisway, the
strength of RNA selectionpressure associated with alternative splicingis surprisingly high,rang-
ing from two- to six-fold reductionsin Ks for minor-formcmns,58 comparedwith constitutive
cmns (evenwithin thesamegene).Thesedifferences could not beexplainedbycodonusage bias
or GC composition.The factthat the strength of thisselectionpressure correlates directlywith
the strength of thesplicing reaction(asmeasured bythe cmn inclusionlevel), suggeststhat it is
associated with regulationof alternative splicing. .

It is strikingthat a verydifferentselection pressure metric,protein frame-preservation, is also
stronglyanti-correlatedwithcmn inclusionlevels: it ishighestforminor-formcmns anddecreases
to ncar-randomformajor-formandconstitutivecmns.8Furthermore, frame-preservation also takes
asimilaramount of time to evolve: in humanvs.chimp comparisons (5my), frame-preservation
is only slightlyhigher for minor-form cmns comparedwith major-form or constitutivecmns;
for mousevs.rat (40 my),the frame-preservation ratio is four-fold higher for minor-formcmns
and somewhathigher in humanvs.mousecomparisons (90 my).581hus the time courseofevolu-
tion of frame-preservation selection pressure roughlyparallels that of Ks selectionpressure. A
common-sense interpretation is that whereas relaxation of negative selection pressureoccursim-
mediatdy upon the creationof an alternativdysplicedcmn, fixation of a new,positivefunction
forthe cmn (asindicatedbysdcctionforproteinmodularityand RNAsdection pressureon splice
regulatorymotifs) takes significant time.

Connecting RNA Selection Pressure to Real Splicing Regulation
Whileevidence oERNAselectionpressureassociatedspecificallywithaltcrnativdysplicedcmns

is suggestive, thequestionsofidentifyingtheactualsplice regulatorydementsandprovingthatthey
arcfunctionalarcnontrivialAnumberofgroupshaveattacked thisresearchproblem. Forerample,
Fairbrotheret alperformedstatisticalanalyses to findmotifsthatwerespecificallyenriched in cmns
with weak splicesites,comparedwith cmns with strongsplicesites.n Theyidentifiedten distinct
motifsfromthisanalysis asputativeESEs and testedthemin asplicingrcporterconstructbasedon
rescue of splicingof SXNcmn 2.All ten showedsomeenhancementof cmn inclusionthat in all
but one casewas significantlydiminishedbyapoint mutationpredictedto disrupt the ESEmoti£
Recently, Fairbrotherand coworkers havefurther validatedthese ESEmotifsusinghuman SNP
data.73 1heyshowedthat their ESEpredictionshave a slight tendencyto clusterncar splicesites
(a maximumof 0.13ESEs/nt in the region10-20nt from thesplicesite,vs.abackgrounddcnsity
of 0.12 more than 70 nt from a splicesite) and that within thisregionthere is also a significant
decrease in SNP density(5-6x 10'" SNPInt within the region 10-20nt from the splicesite,vs.7
x 1Q-4 SNPInt more than 30 nt from a splicesite).Byusingthe chimpgenometo identifywhich
SNP allele was ancestralat eachsite, theywere also able to showevidence of negative selection
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againstSNPsthat overlap the putativeESEs: about 20%fewerSNPswereobservedto overlap the
predictedESEsthanexpectedunderaneutralmodel;thiswas true regardless ofwhetherthe SNP
was predicted to disrupt the putativeESE, or not. Thiseffectwas strongestin the20 nt around a
splicesite, wherethere was an approximatdy40% odds-ratioreduction for SNPs that disrupted
predicted ESEs. Overalla subsetof 57 ESEhemmers were identifiedas conservedbasedon the
SNP analysis. Another study of the samepredicted ESEs showedthat SNPs overlapping these
motifswereleastcommon at emn synonymous sites (6.69%ofSNPs overlapped ESEs), relative
to nonemnic regions(wheretheESEhexamers arepresumablynot functional;7.20-7.68%).7·The
authors calculatedthat approximately 13%fewerSNPspredicted to disrupt ESEswereobserved
at synonymous sitesthanexpectedunder a neutral model Intriguingly, the authorsobservedno
evidenceofnegative selection againstSNPsoverlappingESEs atnonsynonymous sites;thismatches
theobservationfromcomparativegenomics studiesthatKain alternative emns showsno decrease
in alternative emns (relative to constitutiveemns), whereas Kswas markedlyreduced.56.58

Parmleyet al haveevaluatedthese ESEmotifs usingcomparisons of the human, chimp and
mousegenomes."Theyfoundagainthatwithin the predictedESEs, Kswas 5-35%lowerthanin
non-ESEemnic sequence(with the strongesteffectnearsplicesites)and that thiseffectdoesnot
appearto bedue to skewedCpG or skewed nucleotidedistribution.However, the authorsfound
that evidence of a linkberweenputativeESEconservation and alternative splicingwas lessclear.
First, the putativeESEsdo not appear to explain the reducedKs in alternative emns; non-ESE
regionsinalternativeemns also showedamorethantwo-foldreductionin Ks,Second,alternative
emns showno increase in predictedESEdensitycomparedwith constitutiveemns. Ofcourse, it
ispossible that theregenuinelyisan increase in functionalESEs in alternative emns, but thatthis
isobscuredbya large fractionoffalse positives (random matchesto theESEhexamersequences
that arenot functional). Parmleyet al's alternative emn datasuggest that Ks is slighdylowerin
predicted ESEsthan in non-ESEregions of the samealternative emns, but this does not fully
resolve the question.

Kabatand coworkers havealso usedcomparative genomics approacbes to identify candidate
spliceregulatorymotifsin introns flanking alternatively splicedexons, in nematodeworms?6 By
findingregions ofhigh nucleotideconservation berween C.elegamand C.briggsae, theylocated147
alternative emns with apparendyconserved regulatorysitesand identifiedshort sequence motifs
in thesesitesbystatisticalscoring. Theywereableto validateseveral of thesevia an invivosplicing
reporter assay. As additional animal and plant genomesequences become available, large-scale
comparative genomics analyses suchasthisshouldbeableto reveal manynewsplicingregulatory
elements, but experiments will oftenbe requiredto ascertaintheirfunctionalsignificance.

Future Challenges
Currently, alternative splicingresearch is only at the earlystages of connectinggenome-wide

evidence of RNA selectionto elucidatingthe detailedregulatorymechanisms that control "pro-
grams" of alternative splicing. Somebasicquestionsneed to be answered. How many diffeient
regulatoryelementscontrol eachalternative emn? Ifanything,comparative genomics data(such
asKs measurements) indicate "too mucb"conservation, implyingthat a largefraction of alterna-
tive cxonsequence is under RNA selectionpressure. For example, a six-fold reduction in Ks for
minor-formemns (comparedwith constitutiveemns) implies that 5/6 of the synonymous sites
in the emn areconstrained.Thusvirtuallythe wholeemn wouldbe considereda "requiredsplice
regulatoryelement"for itsown splicing,asomewhatpuzzlingscenario. Ofcourse,theseregionsof
strongconservation arealmostalways considerably larger thanthealternativeexonitself, extending
100 nt or more into the flanking introns on both sides.1ll.SB,67,68 Indeed,manyof thesealternative
emns arepart ofultraconservedregionsof2oo nt or moreof absoluteconservation betweenhu-
man,mouseand rat.~One possibleinterpretationisthat suchlarge regions ofstrongconservation
aredue to the overlap ofmany, manyESE/ESS/lSE/ISSsitesrequiredfor eachalternative emn,
Thisraises the challenge ofhowto decipherthe combinatorial"program" ofmultiplebindingsltes
controllingeachsplicingevent.
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Another possibility is that entirdy differentmechanisms, suchas RNA secondary structure
formation, playan important rolein regulating splicing. RNAsecondary structures arctypically
much larger (in sequence length) than splicing factorbindingsites.Recently, somevery striking
examples of RNA secondary structureinvolvement in splicing regulation havebeen reponed for
theDSCAMgene(rcfcrto chapterbyParkandGrnvcley).71·78 Secondarystructurecanbeimportant
forsplicingregulation in mammalian genes aswdl. Forexample. inFGFR2 two intronicdements
(IAS2and ISAR)arerequiredfor activation of cxonIIIb splicing and not onlyform a stem-loop
structure, but canbereplaced byother stem-loop sequences withoutlossofactivity.79.1loAlternative
splicingofrypc II procollagcnis developmentally regulated, withcxon2 (encodingacysteine-rich
vonWillcbrandfactorC-likcdomain)includedonlyin chondrocyteprecursors.McAlinden eeal
identifieda 13bp stem+ 12ntloop structureimmediatdyadjacenttocxon2's5'splice site. that is
~scntial for thisswitchingevent.81Thcy confirmed the existence of the stem-loop structure using
RNasedigestionexperiments. Thestemsequence is absolutdyconserved from mammals to fish
and appears to work in conjunctionwith a weak5' splice site.which is also stronglyconserved
through evolution. Another stemstructure involved in splicing regulation has been reponed in
CFrR.82 Applying secondary structure analysis ro large-scale comparative genomics darn is an
important goal towards assessing how common such mechanisms arc in regulating alternative
splicing throughout the genome.
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CHAPTER 4

Complex Alternative Splicing
JungWoo Park and Brenton R. Graveley*

Abstract

A;:.esplicingisapowcrfulmcansofconaullinggeneaprcssionandincrcasingprotein
diversity. Most genesexpress a limited number of mRNA isofonns,but there arc several

plesofgenesthat usealternativesplicingto generatehundreds.thousandsand even
tens ofthousandsofisofonns.Collectivelysuchgenesarcconsidered to undergocomplcxalternative
splicing. The best exampleis the Drosophila Down syntlrome cellatihesion molecule {Dscem) gene,
which cangenerate38,016 isofonnsbythe alternativesplicingof95 variable emns. In this review,
we will describe several genesthat usecomplexalternativesplicingto generatelarge repertoiresof
mRNAsand what isknown about the mechanisms bywhich theydo so.

Introduction
Alternative splicingaffurds eukaryoteswith the opportunity to produce multiple proteins

from asinglegene.l-3 Thisallows organismsto maximize the codingcapacityoftheir genomes.To
illustratethis. let usconsidertwo differentways in whichevolutioncanproducetwo highlyrelated
proteinsstartingfrom asinglegene.Take,for instance,a representative human genethatcontains
-10 emns, producesa singlemRNA isoformand encompasses -28,000 bp.4.S At leasttwo differ-
ent scenarios can giveriseto a newvariantofthe encodedprotein that containsan additional 10
amino acids. First, the genecould beduplicatedand diverge suchthateither a pre-existing emn
isextendedby30 nucleotidesor a new 30nt emn iscreated.Alternatively, a single30 nucleotide
cassette emn could be inserted into, or arise within an intron in the originalgene allowingfur
two mRNA isofonns that either contain or lackthe emn to now be produced.While these two
scenarios havea similar outcome-the production ofa new protein 10 amino acidslonger than
the originalprotein-they canhave drasticallydifferentconsequences on the sizeofthe genome.
Gene duplication requiresapanding the genomebyat least28,000 bp, In contrast,creating the
sameprotein bysimplyaddinganalternativeemn to the originalgenewouldonlyincrease the size
of the genomeby -30 nt, Thedifference in efficiency between geneduplicationor the evolution
of newalternativeemns becomesmorepronounced asthe numberofnewisofonnsincreases. For
example, in the sameamount of genomespacerequired to generatea singlenew isoformofour
hypotheticalgene by gene duplication,hundreds of new isoformscould be createdbyevolving
new alternativeemns. Thus,alternativesplicingis an extrcmdy economicalmeansof increasing
protein diversity.

Alternarive splicingisprevalentin metazoangenomes. For example, currentestimates suggest
that at least 4296 ofDrosophila genes6 and over two thirds of mouseand human genes" encode
alternatively splicedpre-mRNAs. These numbers havebeen increasingat a brisk pace over the
pastseveralyearsand arclikdy to stillbe underestimates as manylowabundance,tissue-specific or
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devclopmentallyrcgulatedisoforms almostcertainlyremain to becharactc:rizcd.ThUS, it isnowfair
to saythat the majorityofmetazoangenesencode alternatively splicedpre-mRNAs. Alternative
splicingis clearly the rule, not the exception.

An issue that is quite distinct from the number of genes that encode alternatively spliced
pre-mRNAsis the number ofisoformsgeneratedper gene. Figure1depictsthe numberofmRNA
IsoformspergeneinDomelanogaster, whichisperhapsthe bcstannotated metazoangenome.There
arcseveral conclusionsthat can be drawn from this graph.First,manygenesencodeonlya single
mRNA isoform.Second,veryfewgenesencodealargenumberofmRNA isoforms-the greatest
number ofmRNA isoformsencoded by a gene in thisdataset is 26 for the longitudinals /aJeing
(lola) and modifier ofmdg4(mod (mdg4)) genes.Thus, the number ofgenesencoding multiple
mRNAisoforms decreases asthe numberofisoformsincreases,yetit wouldappearthat alternative
splicingis rarelyused to createa tremendouslydiverseset of mRNA isoformsfrom a singlegene.

Therearc, however. manycaveats that should be kept in mind when interpreting this dataset
as it significandyunderestimates both the number of mRNA isoformsexpressed per gene and
the number ofgenesencodingmultiple mRNAs.,The current annotation ofthe D. melanogaster
genome (version 4.1) lists only 21.7% ofthe genesasencoding more than one mRNA isoform.
This is becausethisdataset includesonly annotated mRNA isoformsmost of which havebeen
manuallycurated.Despite the overall high qualityofthe annotation, manymRNA Isoforms that
arcwell-documentedin the literaturearc not present in thisannotation ofthe genome.Moreover.
recentmicroarrayanalyses suggests that at least42%ofgenesencodemultiplemRNAisoformsand
few, ifanyofthe isoformsdetected bythismethod arepresent in this dataset.6 As the annotation
and our understanding ofthe entire repertoire ofmRNAs expressed bythe Drosophila genome
improves, the slope of this graph willchange such that both the number of genesthat express
multiple isoformsand the number ofisoforms per genewillincrease.
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Figure 1. Number of distinct mRNA isoforms per gene in Drosophila melanogas,ter.Thenum-
ber of distinct mRNA isoforms annotated for each gene in version 4.1 of the D. me/anogaster
genome was determined. The number of genes is plotted as a function of the number of
annotated mRNA isoforms derived from each gene. Note that the Y axis is represented using
the logarithmic scale.
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In this reviewwewill consider in detail a fewgenes thatexpress a large repertoireof mRNA
isofonnsand represent theoutliersofthisgraph.Thesegenes representwhatwe refer to ascomplex
alternative splicingcvcnts.Genesin thisclass typicallyhave both acomplexgenomicorganization
and appearto uscunique mechanisms in the expression of their mRNArepertoire. Throughout
thisreview, we will focus on Drosophila genes astheyrepresent someof the mostunusualandbest
characterized complex alternative splicing events.

An Overview ofAlternative Splicing-From Simple to Complex
Asrevealed in theplot shownin Figure I, therearethousandsofDrosophila genes thatencode

pre-mRNAsthat arealternativelysplicedto generateonlytwo mRNAisofonns.A classicexample
ofthisisdoublesex (dsx) whichfunctionsasa key rcgulatorygene in thesc:x-dctermi.nation pathway
(Fig. 2).8 In males, the dsx pre.mRNAis spliced to includeemns 1-3,5 and 6 and to skipemn
4. In contrast,in females, the samepre-mRNAis spliced to includeemns 1-4and a poly(A) site
withinemn 4 isused. Themaleandfemale-specific mRNAsencodemale-andfemale-specificDSX
proteinsthat function astranscriptionfactorsto regulate the expression ofgenes that conrrolthe
sexual differentiation pathway.' Thisis an excellent example wherealternative splicing is usedto
createtwo mRNA isofonnsthat encodeproteins that function as a binaryswitch to control an
c:nrcmdyimportant aspectofbiology•Whilemanygenes thatencodeonlytwo mRNAisofonns
arcofobvious interestandbiological importance, forthercmainderofthisreview, wewill describe
genesand regulatorymechanisms that generate trulyphenomenalnumbers of mRNAisofonns
byvirtueof alternative splicing.

Mhc
An excellentexampleofagenethatundergoes complexalternative splicinginDrosophila is the

Myosin heavy chain (Mhc) genewhichencodes a protein that plays a critical rolein the function
of muscle cells.!" TheMhcgenecontains30 exons, 17 ofwhich arc alternatively spliced(Fig. 2).
With the exception of c:xon 18,which is represented at the genomic level bya single alternative
eson, the other alternativdysplicedc:xons arc organizedinto 5 separate clusters which contain
from 2 to 5 c:xons each.Thealternative c:xons within eachclusterareincludedin the mRNAin a
mutuallyc:xdusive manner-onlyone c:xon fromeachclusterisincludedin thefinalmRNA.The
consequence of thisgeneorganization is that480 differentmRNAscan bygeneratedfrom this
genebyalternative splicing.

A fewRNA sequence dements havebeen identifiedthatplayrolesin conrrolling thesplicing
of the c:xon 11clusterofMhc,whichcontainsfive c:xons (c:xons 11ato 11e).IlThe regulatory cle-
mentswere allinitiallyidentifiedbasedon theirevolutionaryconservationandarccalledconserved
inrronicdements (CIRs).Oneof thesedements,CIE3,islocatedin the the last inrronofthc c:xon
11cluster. Deletionof COO results in skippingof emn He in the indirectflightmuscle of the fly
and c:xon lOis spliceddirectlyto c:xon 12.However, the splicing of the other 4 c:xon 11variants
is unaffected. Thoughthe mechanism bywhichthisclementfunctionsis entirdy unknown, it is
clearthat the COO plays an important rolein regulating splicing of the c:xon 11cluster.

Para
Even greater numbersofdistinctproteinscanbesynthesizedfromotherDrosophila geneswhen

other RNA processing events, suchasRNAediting,arccombinedwith alternative splicing. One
typeof RNAeditingistheposttranscriptionalconversionofadcnosineto inosine-amodification
thatcanalter the identityof a single aminoacidin the encodedprotein.TheDrosophila paralytic
(para) gene,whichencodes the majorvoltage-gated actionpotentialsodiumchannel, produces a
pre-mRNAthat isprocessedbyboth alternative splicingandRNAeditingP·llThepara genecon-
tains 13alternative c:xonsandcanpotentiallysynthcsizc 1,536different mRNAs utilizingalternative
splicing alone (Fig. 2). However, at least11 adcnosines arcedited to inosinein para transcripts.
Consideringboth RNAeditingand alternative splicing, 1,032,192 different para transcripts can
theoreticallybesynthesizedfromthissinglegene.Theseexamplesserve to illustratehowalternative
splicingand in somecases RNAediting,cansignificandy expandproteindiversity.
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Figure 2. Variation in the complexity of alternative splicing in Drosophila. A) The doublesex
pre-mRNA generates two distinct isoforms in a sex-specific manner. B) The Mhc gene can
produce 480 different mRNAs. C) The para gene undergoes both alternative splicing and
RNA editing (the sites and number of RNA ed iting events are indicated by the arrows). As a
result, 1,032,192 different para mRNAs can potentially be synthesized. D) The Dscam gene
can generate 38,016 different mRNAs by virtue of alternative splicing alone.

Dscam
The Dscam gene is by far the most extreme case in which alternative splicing alone can gener-

ate an extraordinarily diverse repertoire ofmRNAs and proteins. Thisgene. which is essential in
Drosophila. contains 115 emns, 95 ofwhich are alternativdy spliced. The alternative exons are
organized into four distinct dusters-the exon 4, 6. 9 and 17 dusters-that contain 12.48,33
and 2 variable emns each (Fig. 2).14.15 Importantly. the emns within each duster are alternativdy
spliced in a mutually exdusive manner. As a result. Dscampotentially encodes 38,016 different
isoforrns. The Drosophila DSCAM protein is most similar to the human Down syndrome Cdl
Adhesion Molecule Protein. However, the human gene does not appear to undergo any of the
alternative splicing that occurs in Drosophila.

The Drosophila DSCAM protein contains an extracdlular domain, composed of 10 im-
munoglobulin domains and four fibronectin type III domains. connected to a transmembrane
domain and an intracdlular domain.14•15 Alternative splicing ofthe exon 4, 6 and 9 dusters alters
the sequence ofthree ofthe Ig domains , while alternative splicing ofthe emn 17 duster alters the
transmembrane domain. Thesesplicingevents haveimportant consequences on the function ofthe
protein. Dscam is conserved in all inseet516-18 and has recently been identified in Daphnia pulex, a



54 Alternativ~ Splicing in the POltgenomicEra

crustacean (B.R.G . unpublished data). indicating that the gene firstevolved in its current form at
least 450 million years ago. In each ofthese organisms.Dscamexpresses thousands offorms. Thus
a diverse repertoire ofDscamisofonns must be important for its function.

The functions and biochemical properties ofDSCiJm are as remarkable as its organization. One
important function ofDscam, is in specifying the wiringofthc nervous system. For cxample.DsCiJm
is rcquiredfor the properwiringofBolwigs nerve,14 olfactory receptorneurons.Pprojection neurons
ofthe olfactory system,2O mushroom body neurons21

•
23 and mechanosensoryneurons," Essentially.

in every case that hasbeen examined, mutations in DSCiJm result in neural wiring defects.
More recently, Dscam hasbeen shown to play an important role in the insect immune system.

In both Drosophilal 8 and the mosquitoAnophelesgambiae,25the malaria vector, Dscamis required
for the animal to mount an effective immune response. Moreover. loss ofDscamfunction impairs
the ability ofhemoeytes to phagocytose pathogens.

One attractive hypothesis is that each Dscamisoform would interact with different axon guid-
ance cues in the nervous system or pathogens/antigens in the immune system." In an elegant series
ofexperiments. the Zipursky labreported that the enracd!ular portion ofDSCAM (includingthe
region encoded bythe exon 4. 6 and 9 dusters) is capable ofhomodimerization.26These homophilic
interactions are strikingly specific as isofonns that differ by a single alternative cxon fail to interact
with one another. but strongly bind to thernselves.26Even altering as few as three amino acids in
one of the variable domains can significandy reduce binding. Thus. it appears as though 19.008
DSCAM enracd!ular domains exist that interact in an isoform-specific manner. In the immune
system. it has also been shown that some DSCAM isoforms can interact with E. coliwhile oth-
ers do not. lB Thissuggests that DSCAM may function as the insect equivalent ofantibodies. In
support ofthis.infeetingA. gambiaewith different pathogens results in the expression ofspecific
repertoires ofDSCiJm Isoforms."

The strikinginteraction properties ofDSCAM raise the possibilirythat in the nervous system.
individual neurons would express different repertoires ofDscam isofonns and that these would
dictate the wiring pattern ofthat neuron. In support ofthis idea. there is clear evidence that the
splicing ofat leastsome ofthe alternative exons are regulated in a developmental and tissue-specific
manner.27

,2ll However. these results most likely vasdy underestimate the degree of regulation as
they were performed on either entire animals or large. complex tissues. It will be necessary to
analyze Dscamexpression at single cellresolution to adequately address this issue. Some attempts
have been made to determine the number ofisoforms expressed in individual cells by combining
single-cell RT-PCR with rnicroarray analysis.23

•
28 These studies suggest that individual neurons

expressa limited collection ofisofonns (less than 50). However. thisissue again could benefit from
a detailed analysis at the single cell level in the fly. Nonetheless. it is dear that individual neurons
express different collections ofisoforms.

Recent evidence also suggests that the precise collection oflsoforms expressed in an individual
cell is critical to specify the wiring pattern ofthe neuron." To address this,two DSCiJm alleleswere
generated that each lacked 5 ofthe exon 4 variants-one lacked exons 4.2 through 4.6 while the
other lacked exon 4.4 through 4.8. This reduces the Dscam repertoire from 38,016 to 22.176
potential isofonns. They found that axonal targeting ofmechanosensory neurons was disrupted
in flies homozygous for both of these alleles. More importantly, however. the pattern of axon
branchingwas different for these two alleles.yet highly consistent in multiple individuals carrying
each allele.Because the repertoire ofpotential isofonns that can be expressed from the two allelesis
different, yet the overall number ofisoforms is identical, these results provide strong evidence that
the sequences encoded by the emn 4 variants have nonredundant functions. In other words. the
identity ofthe isofonns expressed in an individual neuron is critical to specify the correct wiring
pattern. The implication ofthis is that the splicing ofDscam must be precisely regulated.

Mechanisms Used for Mutually Exclusive Splicing in Dscam
One of the most intriguing aspects ofDscam is the fact that the exons within each variable

duster are spliced in a strictlymurually exclusivemanner. Work on other genes hasrevealed several
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mechanisms that an: usedto ensurethat thesplicingofpairsofalternativecmns isstrictlymutually
exclusive. First,the splicesitesin the intron separatingthe two alternativecmns canbespatiallyar-
rangedsuchthat whensplicingfactorsrecognizeonesplicesite,theypreventthe bindingofsplicing
factorsto the other splicesite through sterlchinderance.Thismechanismhasbeen shown to occur
in the mammaliana-tropomyosin29 and a-aainin3J) genes.Alternatively, splicingof the two cmns
wouldbemutuallyexclusive ifthe intron scparatingthecmns istoo smaIl to beefficientlyspliced. For
example, inDrosophila, intronssmaller than59nucleotides cannotbe removedbythe spllceosome,"
Second,mutuallyexclusive splicingcanalsobeensured ifa genehasa uniquearrangementofsplice
sites that are recognizedby the major (which consistsofUl, U2, U4, U6 and US snRNPs) and
minor (whichconsistsofthe U11, U12,U4atae,U6atacand USsnRNPs)spliceosomes,"Because,
neitherspliceosome canremovean intron containingamixture ofmajorandminor splicesites.33the
splicingofsuchgenesisbydefinition,mutuallyexclusive.Thehumanstress-activatedprotein kinase
(JNK 1) genecontainsan alternatively splicedregionwith this type of organization.34Finally. the
splicingoftwo cassettecmns maynot be trulymutuallyexclusive, but rather maysimplyappear to
beso.ThiscouldOCCut ifthe two alternativecmns an: not amultipleofthreenucleotides.1fneither
or both cmns an: included,prematuretermination codonswillbe introduced into the mRNA and
thoseisoformswillbesubjectto degradationbythe nonsensemediarcddecaypathway.3! Asaresult,
mRNAs containingone and onlyone cmn will be stahleand the splicingofsuchpre-mRNAswill
appear to bemutuallyexclusive, though in realityit isnot.

Importantly.none of these mechanismscan explain how the cmn 4, 6 and 9 clustersofDscam
are splicedin a mutuallyexclusive manner. First.evenifsterichinderance could prevent adjacent
cmns from being splicedtogether. it would beunable to prevent non-adjacent emns from being
spliced. Second, none of the introns separatingthe variablecmns are below the size limit for
Drosophila introns and again. thissizelimit would not effectnon-adjacentemns. Third, none of
the splicesitesinDscam conformto the minor spllceosomeconsensussequence.Finally. the NMD
mechanismcannot operate.The emns within the cmn4 clusterareallmultiplesof3 suchthat the
reading framewould not changeregardless of how manyemns are included.For the cmn 6 and 9
clusters,while the inclusionof more thanone emn would result in a frameshifi:, the inclusionof
multiplesof three cmns (Le., 4 emns, 7 emns, etc.) would not. However. such products have not
beenobserved.Thus,it wouldappearthat anovelmechanism(s)mustexistto ensurethat thesplic-
ingofthe cmn 4, 6 and 9 clustersofDscamoccursin a mutuallyexclusive manner. Surprisingly, in
eachclusterthat hasbeen studied, it hasbeenshownthat RNA secondarystructuresplaya critical
role in the mutuallyexclusive splicing.

Mutually Exclusive Splicingofthe Exon 4 Cluster
Our laboratory recentlyidentifiedsequenceslocated in the intron betweenemn 3 and the first

emn 4variant that playsan important rolein the splicingof thecmn4 cluster.Thesesequenceswere
shown to form an RNA secondarystructure wecallthe inclusionstem, or iStem, that is required
for the efficientinclusion of all 12 variablecmns in the cmn 4 cluster.36The iStem is formed by
basepairinginteractionsbetween a20 nt sequencelocatedirnmediatdydownstreamofthe 5' splice
siteofcmn 3 with a second 20 nt sequencelocated300 nt downstream (Fig. 3A). Thestructural
aspectsof the iStem are supported by experimentsshowing that mutations in either half of the
iStem that disrupt basepairingresult in skippingofall 12 cmn 4 variantsand that compensatory
mutations that restore the structure. but not thesequence,also restorethe function ofthe iStem.
The iStemis conservedin all 12Drosophila species that havebeen sequenced,though the precise
sequence variesconsiderablyand then: an: several examplesof compensatory changes.Finally.
severalobservationssuggestthat only the base-pairedportion ofthe iStemis criticalfor it's func-
tion. First, deletinglarge portions ofthe intervening sequencehave little effecton the function
ofthe iStem. More importantly, however, is the fact that the sequenceand the distance between
the regionsthat engagein basepairinginteractions ishighlyvariableamongallDrosophila species.
Thus.the iStem is astructural rather thana sequence-specific elementthat governsinclusionofall
ofthe cmns within a singlecluster.
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Thefact that the structure,but not the sequenceofthe iSternis requiredfor its function raises
someinterestingissues regardingthe mechanisms bywhich it may act. One possibilityis that the
RNA structureofthe iSternsomehowpromotesemn inclusionin a mannerthatdocsnot require
additionalprotein factors.Alternatively,aprotein,or protein complexinteractswith the iStemin
a sequencenonspecific manner-perhaps a double-strandedRNA bindingprotein. or an RNA
hdicasc-andthiscomplcxsomehowpromotcs emn inclusion.An intriguingpropenyoftheiStern
is that despitethe fact that it controlsthe inclusionofallofthe emns within the emn 4 cluster, it
doesnot playa significantrolein dctcrminingwhichvariable emn is selected. Thus,although the
mechanismbywhich the iSternfunctionsisnot known. it is clear that the iSternis anovel type of
regulatory element thatsimultaneously controlsthe splicingofmultiplealternativeemns.
, In addition to the iStern,a secondRNA secondarystructure exists in the emn 4 clusterand

is locatedwithin the intron betweenemn 4.12 and emn 5. Like the iStern. thisRNA structure
promotes the inclusionofall 12emn 4 variantsand is thereforecalledthe iStem2(Krcah1ingand
Graveley, unpublished). The iStcm2 is also evolutionarily conserved,consistsof two distantly
located sequences that basepairwith one another and mutations in either halfof the iStcm2
resultsin skippingofthe emn 4 variants.Interestingly, the iSternand iStcm2appearto function
together.as simultaneously disroptingboth structuresmore stronglyaffects emn inclusionthan
docseither structure alone.

TheseresultsclearlyshowthatRNA secondarystructuresplayan important rolein the mutu-
allyexclusive splicingofthe emn 4 clusterof theDscam pre-mRNA.Asweshallsee,thiswillbe a
recurringtheme asweconsiderthe other alternatively splicedclustersin Dscam,

Mutually Exclusive Splidngofthe Exon 6 Cluster
RNA secondarystructuresalsoplayan important function in the mutuallycxclusive splicing

ofthe Dscam emn 6 cluster. While searchingthe entireDscam genefor sequencedements that
wereconservedin allDrosophilaspecies and could thereforepotentiallyfunction asbinding sites
for splicingregulatoryproteins,two classes ofsequenceelementsin the emn 6 clusterwereidenti-
fied-the dockingsite,which is located in the intron downstream ofconstitutiveemn 5 and the
selectorsequences, which arc located upstream of each of the 48 emn 6 variants.I6.37 The most
strikingaspectoftheseelementsis thateach selectorsequenceis complementary to a portion of
the dockingsite(Fig.3B).Asaresult,the interactionbetweenaselectorsequenceand the docking
site juxtaposes one and only one, alternativeemn to the upstreamconstitutiveeaon, Moreover,
becauseeachselectorsequenceinteractswith the dockingsite,onlyoneselectorsequenceat a time
canbind to the dockingsite. Themutuallycxclusive nature of the dockingsite-selectorsequence
interactions immediardy suggests that the formation of these competing RNA structures is a
central component ofthe mechanisms guaranteeingthat only one emn 6 variant is included in
each DscammRNA.'6.37

Though the formation of these structures remain to be experimentally proven, the evidence
thatthey do is extremely compelling. First, these sequenceelementsarchighlyconserved-both
the dockingsite and the selectorsequences arc conservedin all 20 of the sequencedarthropod
gmomes and thereforefirstevolvedat least450 millionyears. Second,each emn 6 variant in all
of the sequencedinsect genomescontains an upstream selectorsequence. Third, each selector
sequencehasthe potential to basepairwiththe dockingsite.Fourth,several doublecompensatory
mutationshavebeenidentifiedin the honeybee(Apis melliftra) Dscam genc.16Thedockingsitein
A. melliftra containstwo nuclcotidesthatarcdiffc:rcnt from the dockingsitesof allother insects.
However. several of the A. melli/era selectorsequencehave the potential to form base pairing
interactionswith the variabledockingsitenucleotides. Finally, the high degreeofconservation of
the dockingsite isexpectedofan elementthat interactswith a largenumber of elements asmuta-
tions in the dockingsitewould affectthe splicingofallofthe emn 6 variants. Thus, all evidence
to datestronglysuggests thattheseRNA secondarystructuresform and that they playa key role
in the mutuallycxclusivc splicingmechanismof the emn 6 cluster.
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The exact mechanism by which the docking site-selector sequence interaction promotes the
splicing of the adjacent exon is unknown. Moreover, it is not known whether these interactions
serve to simply ensure that only one exon 6 variant is included or whether they playa direct role
in selecdngwhich ofthe 48exons are included. For example, it is possible char selector sequences
that have a high affinity for the docking site will be included more efficiently than exons having
selector sequences with weaker binding affinities. Current data argues against this idea as there
is no correlation between the ~G of the interaction ofeach selector sequence with the docking
site and the frequency ofinclusion observed in microarrafB and sequencingl4.18.19,23 experiments.
However, this could be complicated byfactors such as distance, varying dongation rates ofRNA
polymerase along the gene and the potential existence ofother RNA structures that would alter
the actual length or possibly the accessibility of regions within the exon 6 cluster pre-mRNA.
Nonetheless, the exon 6 cluster clearly employs a novd and eleganr mechanism to ensure that
only one exon is included.

Mutually Exclusive Splicingofthe Exon 17 Cluster
Although nothing is known about how splicing of the exon 9 cluster ofDscam occurs in a

mutually exclusive manner, there are indications that RNA secondary structures again playa key
role in this process in the exon 17 cluster. Anascassiou and colleagues" identified four conserved
sequence dements (designated A.I\, B and B' in Fig. 3C) in the intron between exons 16 and 17.1
that have the potential to form intriguing RNA secondary structures. These four sequences form
two sets ofcomplementarysequences-A can basepairwith II and B can basepair with B'.Though
not as obviously important as the docking site-selector sequence interaction. these sequences po -
tentially function to ensure that only one ofthe two exon 17 variants is included. On one hand.
when the A-ll stem forms, exon 17.1would be preferentially included. In contrast,when the B-B'
stem forms, the 3' splice site ofexon 17.1 would be occluded and as a result . exon 17.2would be
included. These interactions are not mutually exclusiveas both could potentially form at the same
time. As a result , it will be important to functionally analyze the role ofthese sequence:dements
in the splicing of the exon 17 cluster. Nonetheless, the conservation, location and structures of
these dements do suggest that they play some role in this process.

Lessonsfrom Dscam
There are two striking aspects ofthe mechanisms ofmutually exclusive splicing that have been

uncovered by studyingDscam. First. in each cluster charhas been studied, RNAsecondarystructures
have been identified that play keyroles in mutually c:xcIusive splicing. Second, the mechanisms by
which each ofthese structures functions appears to be distinct. This is particularly surprising as it
suggests that there are multiple solutions to the common problem ofhow only one exon isselected
for inclusion when three or more exons can be chosen from. Although Dscamis the most extreme
case ofsuch a genomic organization. it is not the sole member ofthis classofgenes-there are at
least 9 other Drosophila genes (Mhc, ATPalpha, GluClalpha. slo, heph. Tepll, wupA. 14-3-3zeta
and PfIe) that contain at least one cluster ofthree or more mutually c:xclusive exons, The fact that
there are multiple mechanisms by which pre -mRNAs with three or more alternative exons can be
spliced in a mutually exclusivemanner suggests char it is reIativdy easy to evolve a way to negotiate
this problem. Moreover. the fact that severaIDrosophila genes have such an organization. combined
with the genomic economy ofexon duplication events suggests char this is a robust evolutionary
strategy for generating multiple related proteins. It is therefore striking that there are no known
genes in humans. or any other vertebrates for that matter, that contain more than two exons that
are spliced in a mutually exclusive manner. Why is this? Have alternarive mechanisms for generat-
ing protein diversity such as VDJ recombination become so successful as to plunge multiple exon
mutually exclusivesplicing into extinction in the vertebrate lineage? Isthe vertebrate spliceosome
incapable ofnegotiating pre -mRNAs with such a configuration? Answers to these questions will
likely provide insight into the mechanism ofgenome evolution.
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Figure3. RNAsecondary structures important for mutually exclusive splicing in the Drosophila
Dscam pre-mRNA. A) The iStem functions to promote the inclusion of anyone of the 12
exon 4 variants. In the absence of the iStem, the exon 4 variants are excluded. B)The dock-
ing site-selector sequence interactions function to prevent the inclusion of multiple exon 6
variants . Due to the fact that only one selector sequence can interact with the docking site
at a time, only one exon 6 variant can be included. C) Four conserved sequence elements
(represented by the boxes labeled A, A', Band B') have the potential to form RNAstructures
that may prevent the inclusion of both exon 17 variants in the same mRNA.
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The second take home message from these findings is that each ofthese structures were identi-
fied by comparative genomics which was made possible by the availability of multiple genomes
from closely related species . The only exception is the iStem. In this case, the 3' halfofthe iStem
was initially identified by mutagenesis studies. However. the discovery that it was part ofan RNA
secondary structure rather than a protein binding site eluded detection until the sequences of
severalDrosophila genomes were available. As the ability to perform comparative genomics studies
across multiple genomes has only recently become possible, it is likely that many RNA secondary
structures that play an important role in alternative splicingwillbe discovered over the next several
year and we anticipate that such dements will tum out to be quite ub iquitous.

Trans-Splicing
Two genes in theDrosophila genome mentioned earlier, lola and mod(mdg4), take the concept

of complexity to a whole new level, These two genes utilize trans-splicing to generate mRNAs.
Trans -splicingis a mechanism bywhich two different RNA molecules are spliced together to gener-
ate a single mRNA. Trans-splicingoccurs frequently in organisms such as nematodes, trypanosomes
and planarians.38-40 In these cases noncoding spliced leader RNAs (SL RNAs) are spliced to the
5' end ofthe majority of the mRNAs in these organisms. Thisserves to both add a 5' cap to the
mRNAs and to process polycistronic pre-mRNAs into monocistronic mRNAs. However. as the
trans-splicing that has been characterized in Drosophila involves the joiningofRNAs containing
coding sequence, these two processes are quite distinct.

The first clear example of a biologically relevant trans-spliced coding gene was mod(mdg4)
(modifier ofmdg4), which encodes a BTB-domain containing transcription factor.41This was
realized immediately upon sequencing the mod(mdg4) genomic locus and analyzing its organi-
zation. Mod (mdg4) encodes 28 distinct mRNA isoforms that are generated bythe splicing of
four common exons (1-4) located at the 5' end ofthe gene to a collection ofalternative exons at
the 3' end ofthe gene (Fig . 4).The striking observation was that seven ofthe isoforms contained
alternative exons transcribed from the opposite strand than the strand used to transcribe the
common exons!42,43Thus, the splicing ofthese transcripts must occur via trans-splicing. This was
rigorously proven by placing one ofthe trans-spliced exons on a separate chromosome from the
common exons and showingthat functional mRNAs were generated containingboth sequences."
Importantly, mod(mdg4) is also trans-spliced in other Diptemand Lepidoptera species though
the number and location ofthe variable exons differs between species.41.44

The second gene shown to be trans-spliced is lola (longitudinals Luldng), which also encodes
a BTB domain-containing transcription factor essential for axon guidance.4s.46The lola gene is 60
kb in length and contains four alternative promoters and 32 exons that are alternativdy spliced
to generate 80 mRNAs47 (Fig. 4). Each transcript contains one ofthe first four exons generated
by alternative promoter use, the constant exons 5-8 and one set ofthe variable exons at the 3' end.
Unlike mod(mdg4), the fact that lola undergoes trans-splicingwas not obvious from the organiza-
tion ofthe gene . Rather, this insight came from interalldic complementation studies." Horiuchi
and colleagues found lola alldes with mutations in the common exons are homozygous lethal, as are
alleles with mutations in the variable exons. However, what was most striking was the observation
that an allele with a common exon mutation can be complemented by alleles with variable exon
mutations. Moreover, the idea that this occurred via trans-splicing was verified by showing that
chimeric mRNAs were generated in the complemented animals thatcontained SNPs specific to
each allele." As with mod(mdg4), at least some ofthe variable exons are known to be transcribed
from their own promoters,"

The identification of genes that use trans-splicing as their mechanism of mRNA synthesis
raises numerous interesting issues. The first is why is trans-splicing used instead ofcis-splicing?
Perhaps this represents yet another means ofensuring mutually exclusive splicing-as the region
ofthe pre-mRNA that is trans-spliced is consumed during the reaction. it is not possible to include
multiple variable emns between two constant exons , Another important question is how does
this type oftrans-splicingoccur? How are the two pre-mRNAs joined together andwhat specifies
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which transcriptsarc to be joined together? Why are the lola common ezons not splicedto the
mod(mdg4) variable exonsandvice-versa?Theobservationthat amod(mdg4)variableexonplaced
on a differentchromosomethan the common exonssuggests that this is not due to confiningthe
transcriptsto a specific nuclearlocation.What preventsthe trans-splicedprecursorsfrom being
splicedto other pre-mRNAsin the cell?Finally, asthe genomicorganizationoflola doesnot obvi-
ouslysuggesttrans-splicingas the dominant syntheticmechanism, one must wonder how many
other genesare trans-spliced? Does thisphenomenon occuroutside of insects?Therearc several
examplesofmammaliangenesthat undergotrans-splicing!9.50 However, in most cases, thisoccurs
in onlya smallsubsetofmRNAs thataresynthesizedand maythereforerepresentnoiserather than
beingbiologicallysignificant.51Nonetheless, mod(mdg4) and lola add another intriguingexample
ofcomplexalternativesplicingmechanisms that raisemorequestions than answers.

Conclusions
Theexamples that havebeendescribedin thischapterserveto illustratethe factthat alternative

splicingcan be extraordinarily complexand is used to generatea vast repertoireof isofonns. For
example, theDrosophila proteomepotentiallycontainsat least1,084,500memberstakinginto ac-
count the diversitygeneratedbytheMhc.Dscam,para. lola and mod(mdg4) genesalone.Clearlya
widevarietyofregularorymechanisms areused to preciselycontrolthe expression of these mRNAs
in spaceand time and the fidelityof their synthesis. As our explorationofthe transcriptomesof
variousorganismsexpands. additional examples ofcomplexalternativesplicingeventswill most
certainlybe unveiled. Understandinghow theseremarkable eventsarecontrolledand their func-
tional rolesin biologywill be an excitingand consumingendeavorfor yearsto come.
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CHAPTER 5

Technologies for the Global Discovery
and Analysis ofAlternative Splicing
JohnA. Calarco,"ArneetL. Salesman,"JoannaY.Ip
andBenjaminJ.Blencowe*

Abstract

During the past -20 years. studieson alternative splicing (AS)havelargely been directed
at the identification and characterization of factorsand mechanisms responsible for the
controlofsplice siteselection. usingmodelsubstrates and on a casebycasebasis. These

studieshaveprovidedawealthofinformationon the factors and interactions that controlforma-
tion ofthespliceosome. However. relatively littleisknown about the globalregulatoryproperties
of AS. Important questions that need to beaddressed are: whichemns arealtemativdyspliced
and underwhichcellular contexts, what arethe functionalrolesofASevents in differentcdlular
contests,andhowareASeventscontrolledandcoordinatedwitheachotherandwithother levels
of generegulationto achieve cell- and development- specific functions. During the past several
years.newtechnologies andexperimentalstrategies haveprovidedinsightinto thesequestions.For
example. custommicroarrays anddata analysis toolsareplayinga prominentrolein thediscovery
and analysis of splicingregulation. Moreover. several non-microarray-based technologies are
emerging that willlikdy further fuel progress in thisarea.Thisreview focuses on recentadvances
madein the development and applicarion of high-throughputmethodsto studyAS.

Introduction
Recentstudiesemployingcustommictoartays andassociateddataanalysis toolshaveshedlight

upon thepossible extentofASreguladonassociatedwith specific cellandtissuetypes. both under
physiologically normal and disease-associated contests.Relatedstudies havealsoyieldednovel
insights into the globalcontributions of individualfactors to splicingregulation,As a result.par-
ticulargenesand cdlularfunctionsthat arelikdyregulated in acoordinatedfashionbyindividual
or combinations of specific splicing factors, aswellas features of the sequence "code" underlying
regulatedsplicing events. havebeenidentified. Theenormousamountof data generatedbysuch
high-throughputapproaches hasledto awealthofopportunitiesfor follow-up studiesdirectedar
exploringnot onlyadditionalglobalaspects ofAS,but alsothefunctionsofa myriadofindividual
exons in generegulationand themechanisms involved.

In this review. wewillsurveythe development and application of different high-throughput
approaches that havebeen employed to studyAS on a large-scale. Wewill assess what hasbeen
learnedfrom thesetechnological advances aswellashowwe envisage their furtherdevelopment
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contributing to our knowledge ofAS. We will also survey some ofthe emerging technologies for
theirpotential to address questions that cannot currentlybeaddressedbymicroarray-based systems.
We arc clearly at an excitingjuncturc in the field, where the mergingofthenew technologies with
more conventional approaches in splicingrescarchpromises to f.I.cilitate new insight into the narure
ofthe complexity and regulation ofAS in multicdlular organisms.

Microarray-Based Methodsfor the Large-Scale Discovery
andCharacterization ofAltemative SplicingEvents

TilingandSplice]unction Miiroarra]s . .
One of the first indications that DNA microarrays could be used to detect AS in mRNA

transcripts came from studies applying 'tiling' probe arrays. Le.• microarrays with closdy spaced
or overlapping probes thatspan entire chromosomes or genomes (Fig. lA).!·3lnitially employed
were tilingmicroarrays fabricated usingthe ink-jet technologydcvcloped ar Rosetta Inpharmatics.'
These microarrays contained 60mer oligonucleotide probes with sequences overlapping by 10
nuclcotides corresponding to the nonrcpctitivc portions of chromosome 22. The microarrays
were hybridized with eDNA corresponding to 69 different cellor tissue types.' In the same
study, microarrays containing single probes for all annotated cxons in the human genome were
also employed (Fig. lB). The initial aim ofthese strategies wasto identify transcribed regions of
the genome and to confirm and extend knowledge ofthe cxon/intron architecture ofannotated
genes. In addition to providing such insights, evidence for the differential usage ofcertain cxons
in transcripts wasapparent from comparisons ofthe hybridization efficiencies ofprobes to specific
exons relative to neighboring cxon probes.

A

---- -.-
-

B

--
D

E

J

c ----- ---- - --
+

Figure 1. Microarrayformats for monitoring AS. The diagram shows various microarrayformats
employing oligonucleotide probes (thick lines), which are typically anchored to glass slides.
The probe arrangements are shown in relation to a single cassette-type alternative exon (gray
rectangle) flanked by intron sequences and constitutive exons (white rectangles). The following
probe configurations are illustrated: (A) genomic tiling; (B) single probe per exon; (e) multiple
probes per exon; (D) junction-specific probes for included exons; (E) combinations of exon
and junction specific probes for included and skipped exons.
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Anothertiling-bascdapproachemploycd25meroligonucleotide microarrays fabricated usinga
photolithography-basedprocessdevelopedbyMfymetrix.3In thisstudy,theoligonucleotides wen:
spacedat35nucleotideintervals spanninghumanchromosomes21 and22and thedatagenerated
from hybridizingeDNA from 11 different tumor and fetal cell lines alsoprovidedevidence of
possibledifferential emn inclusionlevels in transcripts.' Subsequent re-analysis of the data from
thisstudyusingtailoredstatistical approaches providedevidence forahigherdegree of emn skip-
ping eventsthan previously predicted usingthe samearrayplatform.' A more direct analysis of
microarray data for the purposeof AS detection subsequently emergedfrom profiling1600 rat
genesin ten differenttissues usinga custom-designedMfymetrix arraycontainingprobeslargcly
concentratedin the 3'-UTR regionsofgenes(Fig.1C).2 In thisstudy, the authorsconcludedthat
approximately 17%of the UTR regionsdisplayed evidence ofAS.

In morerecentstudies, emn-speeificandtilingmicroarrayshavebeen usedfor theanalysis ofAS
invariousorganisms and in differentdevelopmental contexts.6-8 Forexample, StoIcandcolleagues
used a microarraythat incorporatedprobesto all emns and approximately40%of the predicted
splice junctionsinDrosophila melanogaster.6 TheresultsfromprofilingdifferentDrosophila devel-
opmentalstages predictedtheexistenceof 5440previouslyunidentifiedsplice isoformsand it was
estimatedthat approximately 40%of genesin the fruit flycontain one or moreASevents.

Many of the studies cited above utilized eDNA labeling procedures that depended on
oligo-dT primingand therefore3'-enddetection biaswas an issue. Toaddress thisissue.johnson
and colleagues developeda full-length RNA amplificationand labelingprotocol and used this
in conjunction with ink-jet fabricated microarrays containing 38 mer splicejunction-specific
oligonucleotideprobes,"Careful controlsby this group and others indicated that probes of36
to 40 nucleotides in length. under the appropriate hybridization conditions, afford the com-
bined optimal benefitsof signalstrength and specificityfor splicejunction detection."Johnson
and colleagues subsequentlyused microarrays designed according to these probe parameters.
containing splice junction probes representingevery consecutive (end-to-end) joining of all
RefSeq-annotated emns in approximately 10.000 multi-emn human genes(Fig.lD).l1 These
arrayswere hybridized with eDNA from 52 diverse human cell and tissue types and AS was
predicted using a scoringapproach that weightssimultaneoussignal"drops"for two adjacent
junction probes.Thisapproachaffordedthe detection of emn skippingeventsin generegions
not coveredby ESTsleDNAs,aswdl as the discoveryof new cell- and tissue-specificASevents.
Bycombining information from the microarrayand ESTIeDNA sequencedata, theseauthors
estimated that 74%ofhuman multi-emn genescontain arleastone alternativeemn.

Althoughtiling.emn-spccific and the aforementionedsplicejunctionmicroarrays provideda
potential meansof detectingAS in transcripts, thesearrayformatsdid not affordspecific detec-
tion of isoforms formedbyskippingofexonsand the false-positive rate for detection ofAS was
relativelyhigh (>50%).11 In other studies,largdypcrformedin parallel, microarrays wen: designed
that utilize: combinations of emn bodyand splicejunctionprobes (Fig. IE). Theseformatshave
yieldedquantitativeestimates forAS,aswdl as improvedfalsc-positive rates for detectionofAS.
dark and colleagues wereamong the first to report microarrays combiningprobes specific to
splicejunctionsandexons(andalsoanintron-specificprobe).Theseauthorsinitiallyused in-house
robot-spotted oligonucleotide arrays with probesrepresenting all known splicing eventsin bud-
dingyeastto studythe differential effects of various splicingfactor mutantson intron removal,"
Sincebudding yeast containsfew ASevents, the primaryaim of thisstudywas to assess whether
the -200 singleintron-containinggenesaresplicedwith differentefficiencies in differentsplicing
factormutant strains .

Fiber Optic-BasedDetectionMicroarrays andDASL
A differentmicroarray system was developed byFu and colleagues workingin collaboration

with Illumlna.P Themethoddescribed bytheseauthorsinvolves a series of stepsincludingRNA!
cDNA-mediatedanncaling.selection,atensionandligation(RASLorDASL)followedbyhybrid-
izationto arrays and monitoringusingafiberoptic-bascddetection system (Fig.2).12.13 Specifically,
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Figure 2. Monitoring of AS using RASL or DASL(RNNcDNA-mediated annealing, selection,
extension and ligation), followed by hybridization to fiber optic-based detection microarrays.
Ligation products are generated when a common oligonucleotide (black line) anneals to an
exon sequence directly flank ing a splice junction shared by two mRNA isoforms and splice
isoform-specific oligonucleotides (red and yellow lines) anneal on the other side of the junc-
tion . Following annealing and ligation (yellow explosion) of the oligonucleotides (common
and isoform-specific) the ligation products are amplified by PCR using universal T7 and T3
primer sites, included on the ends of the annealing oligos . Biotin (black star) is incorporated
during the amplification process through one of the PCR primers and the amplified products
are then hybridized through unique bar-code sequences (pink and orange lines) that are
complementary to sequences located on the fiber-optic detection microarray.

this techniquemakes useof a commonoligonucleotide designed to annealto the exonsequence
flankinga splicejunctionsharedbytwo mRNAor cDNAisofurms andtwo specific:oligonucleotides
(eac:hflanla:dbyaspecific: bar-codesequence thatwillhybridize to the fiber-optic:-coupleddetection
array) designed to annealto alternative exonsequenc:es uniqueto eachsplic:e isofurmthat flankthe
commonexon.Hence,onlyoneofthe twospecific: oligonucleotides shouldannealto each lsoform,
Theannealedoligonucleotides (commonandisoform-specific) areligatedtogetherandamplified by
PCR usinguniversal primersitesat theendsof the oligos.Biotinisinc:orporated duringtheampli-
fic:ation proc:ess throughoneof thePCR primersand theamplified productsarethen hybridized to
thefiberoptic: arraythroughthe uniquebar-codesequence anddetectedthroughthe uscoflabeled
streptavidin. The RASL/DASLtechniquehasbeen multiplexed fur monitoringthousandsof AS
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eventssimultaneouslyand was recentlyapplied to profilesplicingchangesassociated with prostate
cancc:r.13Thismethod circumvents the issueofcross-hybridizationpotentialpresentedbymicroarray
formatsc:rnployingsplice-junctionprobes.Another advantageisthat verysmallamounts ofstarting
RNA canbeusedbecauseofthe PCRstep to amplifythe products prior to hybridization.However,
a limitation of the method is that it relieson annc:alingoligonucleotides that arc: restrictedto splice
junction flanks,which maynot always be optimal for specificityand possiblediffc:rc:ncc:s in ligation
or amplificationc:fficiencies could affectthe quantitativeaccuracyof the method.

Alternative SplicingMicroarrays Combining Sets ofExon
andSpliceJunction Probes

Microarrayformats currentlyusedby most investigators to profileAS in metazoan organisms
c:rnploy combinations of oligonucleotide: probes that arc:complementaryto c:xon body sequences
and splicejunction sequencesreprc:sc:ntingboth "included"and "excluded"or skippedisoforms. I4-25
Aswith the initial tiling, c:xon or splice-junctionmicroarraysmentioned above.theseformats typi-
callyemploysetsof oligonucleotidesanchored at one end on glassslides.Although somestrategies
c:rnploying this type of designhaveincorporated multiple overlapping25mer probes targeted to
splicejunctions to improvemeasurementsensitivity,24severalgroupshavefound that singlesplice
junction probes of ~38 nucleotide:s in length, in combination with the c:xon-specilic probes. are
sufficient to rc:liably detect AS differences when combined with the appropriate data analysis
tools.1s.I8.21,23 For example, a simple six-probemicroarraydesign in conjunction with Gc:nASAP
(Generative modc:l for the AS array platform) algorithm affords the simultaneous quantitative
profilingofthousandsofcassettetype:ASeventsin mammaliancc:lls and tissues and betweendiffer-
ent conditions.2o.21,26-29 Various other data analysis strategieshavebeen usedfor specificmicroarray
platforms in recent yearsand this is currently a very activearea of resc:arch.2.5.17.25 Some of these
methods havebeen describedin detail in a recent reviewby Cuperlovic-Culfand colleagues.P

AppUcations ofAlternative Splicing Microarrays

Profiling ofASin Normal Cells and Tissues
A number ofgroupshaveprofiledASin human and mouse cc:lls and tissuesin order to identify

and characterize: tissue- and developmental stage-specific splicing events.u·17.21.23.24,28.31 Results
from these: studies indicate that many AS events occur in a tissue-regulatedmanner, analogous
to the regulation ofgene expression at the ttanscriptionallevc:l.Johnson and colleagues identi-
Iic:d numerous splicing differences between human tissues and celllines'! and work from our
group and the groups of Ares and Lee have uncovered numerous new tissue-specific AS events
in mouse tissues.17.21.23 Huang and colleagues profiled AS in variousdevelopmental stagesof the
testesand mature spermatozoausingeDNA microarraysand validated by sequencing74 ofthese:
dc:vdopmentally-regulatedAS events," Approximatc:ly 83-85% of these: ASeventsarc:predicted to
alter the readingframesofthe resultingtranscripts.Recently,our group together with the groupof
Lynchhas profiledASchangesthat occurupon activationof theJurkat T-cc:llline.27Approximatc:ly
10% ofthe alternativec:xons represented on the microarrayundergo significantchangesin inclu-
sion leveland manyof thesedifferences occurred in transcriptsof genesknown to haveimportant
rolesin T-cc:ll function. Theserecent studieshavedemonstrated the utility ofAS microarraysfor
the ide:ntification of novc:l tissue- and development stage-specific AS events as wc:ll as quantita-
tive information on the inclusion levels of the correspondingexons. As such, they haveprovided
substantial amounts of new information about AS that isprime for future characterization.

Splicing-sensitivemicroarrayshavealsobeen employedto addressbiologicalquestionsin other
moddsystems. Ner-Gaon and Fluhr usedwhole: genomearraysto assess the extent to which intron
retention, the most common classofASeventin.Arahidopsis thaliana, occursin thisspedes .i'Ihese
investigatorsestimate that approximatc:ly 8%of all transcripts undergo intron retention and that
the vast majorityoftheseAS eventsalter the readingframe of the affectedtranscripts.Thisresult
implies that intron retention evolvedas an important mechanism to regulate the function and
activityofcertain genesin .Arahidopsis.
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Another studybyMcIntyreand colleagues profiledsa-specificsplicingdi1fcrcnces in various
laboratorylinesofDrosophila m~lanogast"?RegulationofspecificASeventsin transcriptssuchas
thosefromthe tiouhksexandsex-kthaJgeneshavebeen shownto beimportantin thesexdetermina-
tion pathwayin DrosophilaY·3l However. it wasnot knownprior to thisstudywhat proportion of
transcriptsundergoASin asa-specific manner.Surprisingly, the workofMcInryrcandcolleagues
indicatedthat between11%and24%of transcriptsknownto havemultiplevariantsarcpredicted
to showsex-biased splicing patterns.Thisstudy also found that a largeproportion of previously
identifiedsplicingrcgularors34 arcdifferentiallyexpressedbetweenmaleandfemale flies, suggesting
that thesedifferences couldbe responsible, at leastin part, for the large numberofASdifferences
observed. Future experiments shouldhdp establishwhether a causal connectionexists between
the differential regulationof thesesplicing factorsand sex-related splicingchanges.

In addition to surveyinglarge numbers of AS events,some groups have designedfocused
microarrays for profilingsinglepre-mRNAtranscriptswith complexpatternsof AS. In one such
study,Nagao and colleagues designedmicroarrays with emn, intron and emn-juncdon probes
to study previouslyidentified and potentially cryptic splicevariants of the PTCH gene, the
human homolog of the Drosophila genepatched," Protein products from the PTCH locus are
important componentsof the hedgehogsignalingpathwayand mutations in thisgenehavebeen
linkedto patientswith autosomaldominant nevoidbasalcellcarcinomasyndrome(NBCCS). In
thestudybyNagaoand colleagues it was found thattranscriptvariantscontainingcxon 12Barc
more abundant in the brain and heartthan in the other tissues surveyed. Inclusionof this cxon
introducesa prematuretermination codon that ispredicted to result in a either a nonfunctional
or dominant-negative aetingprotein,potentiallyimpactingbrainand heartdevelopment.Inaddi-
tion. microarray experiments usingRNAfrom cell linesderivedfromNBCCS patientsidentified
novelisoforms generatedbythe usageof crypticsplicesites. Another recent study employing a
focusedarrayprofileddocumentedAS eventsin transcriptsof genesencodingall of the known
human phosphodiesterases." Tissue-specific AS wasdetected in the transcriptsof specific phos-
phodiesterase genes, thus providinga more detailedpictureof the expression landscape for this
important class ofenzymes. Together. the resultsof thestudiessummarized abovedemonstratethe
utilityoffocuscdASarrays for monitoringknownsplicevariantsand for thedetectionofaberrant
variantsassociated with diseases.

Alternative SplicingPatternsAssociatedwith Cancer
Transcriptlevel profiles derivedfrom microarray data havebeen used to establish molecular

'signatures' that facilitate distinguishing normalfromcancerous tissues. the subtypingofdi1fcrcnt
breastcancers and leukemiccelltypes and the prediction ofwhether tumours respondto specific
drugs, aswellasprognosticoutcomes." Sincedisease-associated mutations veryofien target the
splicingproccss andgivenincrcasingevidencefor links betweenalterationsin splicingpatternsand
discasc,l5.36 it hasbeensuggested that informationfromsplicing-sensitive microarrays mayfurther
improvethe accuracy of identifyingdisease-related signatures," Evidence has been provided in
one AS profilingstudy that this mayindeed be the ease(seebelow).It has also been proposed
that the identificationof disease-associated spliceisoformchanges will lead to the development
of aberrant Isoform-spedfic drugs that do not Interferewith isoformsfrom the samegene that
encodenormal genefuncdons."

A numberof groupshavemicroarray-profiledvarioustumour tissues and tumour-derivedcell
linesin recentycars.13,18,22Rdogio andcolleaguesprofiledapproximately 100ASeventsimplicated
in cancers in normallymphoeytesand Hodgkin'slymphomacelllines from patientswith differ-
ing severities of the discase.22 In parallel. the expression patterns of 86 splicingregulatorswere
also monitored to assess the extent to which trans-actingfactorsmight bederegulatedin cancer.
Alternativesplicingdiffcrcnceswcrcdctecredbetweenthenormallymphocytesand Hodgkin'slincs
andacorrelationwasobservedbetweenASdifferencesand rumorseverity.Thisstudyalso revealed
transcriptabundancedi1fcrcnccs and ectopicexpression ofvarioussplicingfactors, includingthe
neuronalNovaproteins,whichwereassociated with increased inclusionof cxon6a in transcripts
of]NK2. an important kinaseimplicatedin Hodgkin'slymphomas.
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In another recentstudy,prostate tumour samples and cdllines were profiled. forAS and tran-
scriptleveldifferenCcs.13 Ll,Fuand colleagues used the DASL-PCRJfibcr-opticarrayplatfonn de-
scribedaboveto profilechanges in transcripts fromapproximately 1500genes implicatcdinprostate
cancer.Theseinvestigators also developedadata analysis method to assign similarityscoresbased
both on splicingand transcriptlevels and performedhierarchical clusteringusingthesesimilarity
criteria. This 'two-dimensional'clusteringtechniquewasused to distinguishbetween cancerous
and noncanceroussamples and also between the severityand grade of individualprostate tumors.
The resultsindicated that profilingsplicingdifferences together with transcript leveldifferences
can afforda refinedmethod to charaaerize tumors and potentiallyalso to discover examples of
transcription-coupledsplicingchanges linked to prostatecancerprogression. Subsequentanalysis
of the data from this studyindicatedthat the splicevariantprofilingdatawasmore predictiveof
prostatecanceroriginthanwasthetranscriptionprofilingdata,3' thussupportingthe ideathat splice
isofonn "signatures'haveconsiderable potential for detection and disease charaaerization.

Li,Lin and colleagues havealso recentlyused exan and splicejunction microarrays to profile
ASin transcriptsfrom 64 genesin human breastcancercelllinesand normalmammaryepithdial
cells," Toinvestigate the influenceofcdlculturingenvironments on tumor formationandprogres-
sioninvivo,the authorscomparedprofiles fromculturedcellsgrown in twodimensionaland three
dimcnsionalenvironments andalso fromxenograftcd tumoursgrownin nudemice.ChangesinAS
were observedin transcriptsfromspecific genessuchasMYL6, DDRI and CD44when compar-
ing breastcancerlineswith normallines. It wasalsofound that the differentculturingconditions
affectedASpatterns,with three-dimensionalculturingofbreast cancercells in matrigd substrate
showingstrongersimilarities to the AS patternsin xenograftcd tumors, than to the AS patterns
obtained from the celllinesgrown in two-dimensionalculture.

Cancer-associated spliceisoforms identifiedin the studiessummarizedabove mayhdp shed
light on important molecularchanges underlyingthe developmentand progression of cancers,
in addition to servingaspotentiallyuseful cancerbiomarkers. All three of the studiesmentioned
aboveindicate that alterationsin trans-actingsplicingfaaors li.kdyunderlie manyof the splice
isofonn changesassociated with cancersand that the ducidation of the nature and relevance of
thesechangesmayalso lead to the identificationofvaluable cancerbiomarkers.

GlobalRegulation by Trans-ActingSplicingFactors anJASNetworks
Several groupshaveusedmicroarrays to investigate the globalactivitiesoftrans-actingsplicing

faaOrs.10•IS,24 In the studybyClarket alvariousstrains ofSaccharomyces cerevisiae with tempera-
ture-sensitive mutationsin pre-mRNAprocessingfaaors weresurveyed foreffects on differential
splicingefficiency, usingthemicroarrays described above.10 Theuseofdifferentindicesformonitor-
ingintron accumulationandsplicingefficiencyallowedthese investigators to separatemutants that
differentially affca prc-mRNAlevels and splicingefficiency. Interestingly, it wasfound that many
mutants affcaing intron accumulationdid not affca splicingefficiency andviceversa,indicating
that the two processes arccontrolledin manycases bydifferentsetsof faaors.

Blanchette et al investigated the targets ofDrosophila melmwgaster splicingregulatorsusing
custom-designedASmicroarrays combiningexanbodyand junctionprobes.IS Theseauthorsused
double-strandedRNAinterferencein culturedDrosophila SL2cells to knockdownexpression of
dASF/SF2, B52/dSRp55,hrp48 and PSI.LabeledeDNA preparedfrom RNA isolatcdfrom the
cellswashybridizedto an ASarraywith probesrepresenting2,931unique transcripts. Each splic-
ingfactor wasfound to affea theAS ofdifferentnumbersand subsetsofexons, with dASF/SF2
affi:ctingthe mostesons(-300) and PSIaH"eaingthcleast (-48 emns),Subsequentanalysis ofthe
intronic regionsflankingthe dASF/SF2- and B52/dSRp55-rcgulatedexonsidentifiedoverrcpre-
sentcdsequences thatrcsemblcthe SELEX-ddinedmotifsofthesefaaors. A relativelysmalldegree
ofoverlapwasobservedbetweenthe emn targets ofthesesplicingfaaors and fewemns displayed
opposite splicingpatterns when dASF/SF2 and hrp48 (the Drosophila homologofhnRNP AI)
were knockeddown. Mammalian ASF/SF2 and hnRNP-AI proteins werepreviously shown to
haveopposingactivities in the regulationofASin the contextof several analyzed transcripts(refer
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to chapters by Lin and Fu, and Marinez-Contreras et al) and these antagonistic functions were
thought to occur on a more general level. However, the results ofBlanchette et al suggest that the
control ofAS events could require the combinatorial action ofnumerous different splicingregula-
tors , including as yet unknown combinations ofboth identified and unidentified factors,

Recent work from Ule et al made use ofan Affymetrix microarray combining exon and splice
junction probes to survey splicing differences between wild-type mice and mice carrying dele-
tions in the genes encoding the neural-specific splicing faerors Noval and N0va2.24These authors
identified in their microarray data a set ofAS events differentially regulated between neocortex
and thymus tissues that change in level in the absence ofNova2. All ofthe Nova2-dependent AS
events in neocortexwerevalidated by RT-PCRassays, allowingthe authors to estimate that Nova2
regulates approximately 7% ofAS events that are differentially spliced in brain versus thymus tis-
sues. Importantly, it was found that a significant fraction ofthe N0va2-regulated alternative exans
belong to genes that have functions associated with the synapse. Furthermore, it was found that
-74% ofthe proteins corresponding to the Nova-regulated list ofgenes were previously reported
to interact with one another. These data strongly suggested that Nova proteins function to regulate
the splicing ofa network ofgenes that function at the synapse (Fig. 3A). Recent work from our
lab involving AS rnicroarray profiling ofdiverse mouse tissues hasprovided additional evidence
supponing the concept of regulated splicing networks that operate to control specific functions
in the central nervous system (CNS).28 A set of -150 alternative exons displaying differential
inclusion levels in CNS tissues relative to the other profiled tissues was identified and it was found
that the genes containing these exans are significantly enriched in annotations associated with
functions includingGTP-regulatedsignalling, vesicle-mediated transport, eytoskdetalorganization
and biogenesis. as well as in nervous system-specific functions. In another recent study we used
a human-specific AS microarray to identify a set ofAS events that display differential regulation
upon activation ofthe Jurkat T-cell line. Ofthe AS events that were analyzed further, >50%were
also detected in activated. normal CD4+ and CD8+ T-cell lymphocytes. Interestingly. genes
containingthe differentially-regulated alternative exons were significantlyenriched in annotations
associated with cell cycle control.27

These results resemble those from earlier studies from microarray profiling oftranscript levels
using conventional microarrays , in which subsets ofgenes with celland tissue coregulated transcript
levels are ofien functionally related and operate in the same processes and pathways .40-42 However.
importantly, the sets ofgenes that display cell/tissue coregulation at the level ofAS do not overlap
extensively with the sets ofgenes coregulated at the level oftranscription and in general overlap-
ping yet distinct functional categories are enriched in each set. These studies extended previous
observations from microarray profiling indicating that different subsets ofgenes are regulated in a
tissue-specific manner at the levels ofAS and transcription (Fig. 3B)P .21 Taken together with the
results ofUle and colleagues . as well as recent microarray-based evidence for gene function coordi-
nation at thelevels ofmRNA stability [e.g., bymiRNAs) and expon,43.44 it is increasingly apparent
that AS represents one ofsevcrallayers ofregulation acting on different subsets ofgenes to confer
cell- and tissue-specific functions in mammals (Fig. 3C). Future research in gene expression will
undoubtedly explore the mechanisms bywhich the splicingrnachinerycontrols functionally-related
sets ofgenes and how these networks operate in the context ofnetworks controlled at other levels
ofgene expression to define cell- and tissue-specific activities.

GeneralGlobalRegulAtory Features ofAS
Alternative splicing microanay data has afforded new opportunities to discover and analyze

global regulatory properties ofsplicingthat operate in a cell- and tissue-type independentmanner.
One area ofinvcstigation hasbeen to determine the impact ofthe evolutionary origin ofexans on
their inclusion levels.The results ofour initial profilingexperiments using ten diverse adult mouse
tissues showed that weakly included exons are overrepresented by genome-specific AS events [Le.•
exons present in the mouse genome but not in the human genome).1his observation confirmed
earlier predictions based entirely on the analysis ofaligned eDNA and EST sequences by Modrek
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Figure 3. Global regulatory features of AS revealed by microarray profiling. A) Darnell and
colleagues compared splicing patterns between neocortex from wild type and mutant mice
lacking Nova-2. Genes with Nova-2 dependent AS differences are predominantly associated
with functions linked to synapse activity." The diagram illustrates different types of Nova-2
regulated AS events monitored on the microarray (which include alternative 5'/3' splice site
selection events as well as cassette alternative exons) and a subset of the Biological Process
annotation categories (assigned using the Gene Ontology system) associated with genes
containing alternative exons that display a significant change in inclusion level between the
neocortex of wild type and Nova-Z" mice. B)Different subsets of mouse genes are regulated
at the ASand transcriptional levels. Genes are shown clustered based on AS levels (left-most
panel), as determined by ASprofiling using a mouse-specific rnlcroarray," and the same set of
genes is shown in the same order in the adjacent panel. Genes are also shown clustered based
on transcript levels (third panel from left), as measured using probes specific for constitutive
exons flanking each profiled alternative exon and the same set of genes is shown in the same
order in the adjacent panel. (Adapted from: Blencowe Bj. Cell 126(1):37-47;37 102006 with
permission of Elsevier.) C) Data from microarray AS profiling experiments, including those
described above, suggest that different subsets of genes may comprise "layers" of networks
that coordinate specific cellular functions. The dotted lines indicate interconnections that
serve to integrate these and the other layers of gene regulation shown . (Adapted from: Pan
Q et al. Mol Cell 16(6):929-941;21 102004 with permission from Elsevier.)

and coworkers/? The AS microarray data also revealed that the majority ofalternative exons at
steady state are highly included in mouse tissues and that highly included alternative exans are
often represented by conserved exons that undergo species-specific AS (i.e.. in this case conserved
exons that are constitutivelyspliced in human but alternatively spliced in mouse). It was also found
that more highly included exons, such as those involving conserved emns that are spliced in a
species-specific manner, more often have the potential to alter conserved and functionally-defined
protein domains.21,46,47 Interestingly, alternative exons that are conserved between human and
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mouse were round to have more variable inclusion levels in different tissues and also to less ofi:cn
have thepotential to disrupt conservedprotein domains. In agreementwith these findings, further
analysis ofour datasetby Xing et al48 revealed that cassette alternative emns conserved between
mouse and human, which represent less than 20% ofthe total number ofcassette alternative ex-
ons, more ofi:cnundergo differential regulation or "switching" between tissues. Taken together, a
conclusion from these studies is that overall selection pressure hasacted to avoid major alterations
to conserved domain-encoding regions oftranscripts, although there are clear exceptions to this
trend in which AS can trigger major structuraland functional alterations bydeletingor including
conserved protein domains. An important goal offurure studies will be to ducidate the functions
ofspecific regulatedAS events that affeer regions oftranscripts that do not overlap defined or wdl
conserved protein domain coding sequences.

Assessingthe FunctionalRelevance ofASEvents
An important general question is the extent to which splice isoforms detected in transcript

sequence and rnicroarray datahave important biological functions. In particular, how often are
detected splice isofurms the products ofinfrequent splicingevents that are present at a low steady
state levels and do not confer a function that is under significant sdection pressure? Relevant to
this question is the interesting observation that -40% of AS events detected in alignments of
eDNA and ESTdatahave the potential to introduce one or more premature termination codons
(PTCs).The resulting splice variants are therefore potential substrates ror mRNA turnover bythe
nonsense mediated mRNA decay (NMD) pathway (refer to chapter byLareau et al).49-51 Based
on this finding it was proposed that AS coupled to NMD may act on a frequent basis to control
gene espression," Indeed, experimental evidence supports an important role fur this regulatory
mechanism, termed "RUST" (regulatory unproductive splicing and translation). For example, it
hasbeenshown in several cases to operate in the auto -regulation ofexpression ofRNA binding
proteins. In these cases the RNA bindingproteins, which include members oftheSR and hnRNP
families of splicing factors, can bind to their own pre -mRNAs resulting in the activation of an
AS event that introduces a PTC. The PTC can be inserted byinclusion or skipping of theemn
[i.e, the exon Itself may contain a PTC or thePTC is introduced via a frame-shift), resulting in
subsequent degradation of thePTC-containing isofurm by NMD (refer to chapter byLareau
et al for specific examples).

Using AS rnicroarray profiling, we have assessed the atent to which AS coupled NMD
may function as a regulatory mechanism.P The rnicroarray data revealed that PTC-containing
Isoforms are generally present at low steady stare abundance in diverse mammalian cells and
tissues. Knockdown ofthe essential NMD faeror Upfl by RNAi in HeLa cells showed that only
a small fraction (-10%) ofPTC-containing lsoforms significandy increase in level when NMD
is blocked. This result therefore indicated that most PTC-containing isoforms are present at
low levels independendy ofNMD, whereas a small fraction of these isoforms may be involved
in Upfl-depedent regulation. It was also observed that PTC-containing splice Isoforms are
more ofi:cn species-specific than conserved between human and mouse. This observation was
consistent with the results ofprevious analyses oftranscript sequences showing that conserved
AS events are more likdy to preserve reading frames than are species-specific AS events.46,47
Taken together, a conclusion that can be drawn from these studies is that most PTC-containing
Isoforms may not befunctionally significant or under significant sdection pressure. However,
as mentioned above, a small subset ofAS events function to regulate transcript levels via NMD.
Interestingly, manyofthe PTC-introducingAS events that display pronounced Upfl-dependent
regulation are conserved between humans and mouse and a subset of these events are round
in genes associated with splicing and other steps in pre-mRNA processing (Al..S.and BJ.B .,
unpublished results) . Thus , in agreement with previous studies performed on a gene-by-gene
basis, AS-coupled NMD events detected byrnicroarray profiling aperiments appear to ofi:cn
function in the regulation of the levels of factors involved in the post-transcriptional control
ofgene expression.
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ElucidatingFeatures ofthe Splicing&gulatory "Code"
via Microa"ay Profiling

Recent microarrayprofilingexperimentshavebeen performedon largernumbersofASevents
and in a wider spectrum of tissues.23,28 In these studies clustering of tissue-specific microarray
profiledAS eventscoupledwith sequenceanalyses ofthe emns and flanking introns hasresulted
in the identificationof motifs that are significantly over-represented in groupsoftissue-regulated
ASevents.

RecentworkfromSugnetand colleagues23 usedthisapproachon datageneratedfromprofiling
22 mouse tissuesusingan Affymetrix microarrayand identified two new motifs,one associated
with muscle-specific AS that resembles a branchpoint-like sequence and the other associated
with brain-specific AS. Recentwork from our group hasresulted in the identificationofa set of
motifs thatarehighlycorrelatedwith regulationofASin centralnervoussystem(CNS) tissues.28

Interestingly, manyof the motifsthatcorrelatestronglywith inclusionofalternativeemns in CNS
tissuesrelativeto the other profiled tissues are pyrimidine-richand are pri.marily located in the
intron regions flanking the alternativeemns, Thesemotifs representpotential binding sites for
neuraVbrain-specific PTB (nPTBlbrPTB). which hasbeen documented to promote increased
inclusionof alternativeexonsin transfecredreporters in eells of neuronal origin.Additional mo-
tifs that do not resemblethe binding sites of characterized splicingfactorswere alsoidentified;
diffi:rentsubsetsof these motifs correlatestronglywith increasedinclusionand/or exclusionof
exonsin CNS tissues. Thesestudiesthus havethe potential to identify important elementsof the
splicingcode underlying the control of tissue-regulated AS. An important direction for future
studies will be to expand this approach to define groups of AS events that are coregulated in
other tissuesand cell-types, such that additional motifs and sequencefeaturesthat mayunderlie
regulation [e.g.,RNA folding) can be identified on a more systematic basis. Obviously, parallel
studieswill be required to experimentally validate these sequenceelementsand also to identify
the factors that bind to them.

Comparing GlobalPatterns ofASBetween Species
Asmentionedabove, less than 20%ofcassetteASeventsappearto beconscrvcd betweenhuman

and mouse.The fact that most splicevariantsaredifferentbetweenthesetwo mammalianspecies
suggestsan important role for AS in the evolution ofspecies-specific characreristics. However,
experimentsdirected at assessing the extent to which AS levels oforthologous emns divergeover
time and how splicinglevels comparebetween species that are separatedby a shorter windowof
evolutionarytime,havenot been reported. Wehaverecentlyinvestigatedthesequestionsbycom-
paring AS patternsbetween corresponding tissues in human, chimpanzeeand mouse.Usingour
humanAS rnicroarraywehaveprofiledAS in human and chimpanzeefrontal cortexand heart,2!J

The majorityofthe ASeventsmowed similaremn inclusionlevels. However, 6-8%ofASevents
displayedpronounced differences in inclusionlevels.TheseASeventswere detected in transcripts
from genesassociatedwith diversefunctions, including regulationofgeneexpression, signalling
and predisposition to human lineage-specific diseases. These events could therefore represent
splicingchangesthat could underlie a rangeofimportant functional and phenotypic differences
between humans and chimpanzees.

ASMicroa"ay Technology: The Way Forward!
Sincetheir initial useafewyearsago,it is evident thatASmicroarrayswillbecomewidespread

tools for researchers stUdyingglobalaspects ofgeneregulation. Clearly, ifmicroarraydesignsand
associateddataanalysis tools affordthe effective surveyingoftranscriptionaland splicingregula-
tion in a singleexperiment,it makeslime senseto focuson transcriptionalregulationalone,given
the likelyimportance ofAS in virtuallyeveryaspectofmetazoan biology. Widespread useofAS
microarraytechnology in the next fewyears seemshighly probable given thatrapid progress is
beingmade in generatingnew microarrayformats with ever-increasingprobe density.Moreover,
there iscontinual progressin the developmentofsoftwaretools that maximize the powerofdata
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analysis suchthat reliablepredictionsfor splicingchanges or levels canbeenracted from the raw
data.The technologyclearlyhas room for improvement.asis the casefor anyearlystage technol-
ogy. Nevertheless. the value of AS microarrays as both a discovery and analysis tool has been
demonstrated and the current systems willcontinue to allownew and interestinginsights to be
generatedconcerningthe role of ASregulationin differentbiologicalcontexts.

A limitation ofcurrent AS microarray systems is that they donot provideinformation about
the connectivityofemns in transcripts that contain multiple alternatively splicedregions. For
example, ifa genecontainingtwo separatealternativeemns is transcribedand eachofthe esons is
detectedbymicroarrayprofilingto beincluded50% ofthe time,it isnot possible to knowwhether
the two emns are included together in 50% of the transcriptsor whether, for example. 50% of
the transcripts contain one ann and the other 50% of the transcripts contains the other ann.
Thisproblembecomesmore acutein cases wherea series ofalternativeexonsbelongingto asingle
genemaybesplicedin differentcombinationsin differentcell types. Another limitation ofmost
microarraysystems istheir sensitivityand accuracy in detecrionofsplicechangesin lowabundance
transcripts.Emergingtechnologiesthat mayresolve someof theseissues arediscussed below.

Non Microarray-Based Methods for the Discovery
and Characterization ofAlternative Splicing Events

ApplyingPolonus to Quantify Splice Variants
The polymerase colony1polony) technology is a recentlydescribedapproach affordingthe

deconvolutionof combinationsofsplicingeventsin mixturesofisoforms.51.S5 Poloniesallowthe
amplification of an array of individual DNA molecules immobilizedin a thin polyacrylamide
gelcoating a glass slide (see Fig.4).54-56For AS profiling, the DNA is immobilized in the gel
bycovalentlinkageofone peR primer that is specific for a sequenceflanking the alternatively
spliced region of interest.5z.s.4 Different isoformsare then amplifiedand detected by the use of
either fluorescently-labeled ann-specific probes, or single base extension (SBE) incorporating
fluorescently-labeled nucleotides (Fig. 4)y·55M Several ann probes can be used sequentiallyby
denaturing,washingand rehybridizingthegel Thedesignisalsoamenableto 'multiplexing: since
differentfluorophore-labeled probescanbetargetedto differentemns and hybridizedsimultane-
ously.51Usingthisapproach. singlemolecules areamplifiedinto "polonies" and the combination
of fluorescent signals in a polony can be used to infer the emn composition of the individual,
amplifiedcDNAs.

Theutilityofthe polonyassaywas initiallydemonstratedinapplications inwhichdifferentcom-
binationsofann inclusionwere detected in transcriptsfromtheMAPT(Microtubule-Associated
Protein Tau),SMN (Survival of Motor Neuron) and CD44genes. Similarto someof the AS mi-
croarrayprofilingsystems describedabove. the polony techniquedependson prior knowledgeof
transcript sequences for primer design.However, in addition to the main advantagethat specific
combinationsofalternativeesons/regions that occurwithin a singletranscript canbediscerned.
the polonymethod isalsohighlysensitive and capableofdetectingrarespliceisoforms. Moreover,
the method is quantitative. since the relative amounts of different isoforms can be measuredby
countingthe numberofarrayedpolonies.However.alimitation to its useatpresent isits through-
put, in part due to the relatively high costoffabricatinglargenumbersof emn-spedfic probesfor
multi-ann genes, aswellasthe limit to the numberofdenaturation cycles that canbeperformed
on eachpolonygel.51

OtherPrimer Extension-BasedStrategies
In addition to the polony methods,differentialprimer extensionhas been employedin other

strategies to profileAS.A 'tag-microarray' miniscquencingsistem originallydevelopedfor SNP
genotypingwasused for the multiplexeddetection of61 alternatively splicedtranscriptsfrom 19
genesin leukemiacelllines.57The approach used wassomewhatsimilar to certain applications
of the polony strategy described above,except that the primers were immobilizeddirectly on
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Figure4. ASprofilingon polonies.lndividual cDNA molecules, reverse-transcribed from poly(A)
+ RNA,are immobilized in a thin polyacrylamide gel and then amplified into polonies by PCR.
Three methods for interrogation of the transcript sequence are shown. A) In exon profiling,
fluorophore-labeled exon probes are hybridized to the polonies to determine the combina-
tions of exons in each polony. Different fJuorophores can be used to examine several exons
simultaneously. Following scanning to detect fluorescent signal, probes are denatured from
the anchored DNA strands and washed away so that other probes may be hybrldized." B) To
identify a particular nucleotide within a transcript, a primer complementary to the sequence
immediately upstream is annealed to the polonies. Single base extension is then performed
with f1uorescently-labeled nucleotides to identify the base. 52•55 C) In FISSEQ, Fluorescence In
SituSequencing, cycles of single base extension are performed with each nucleotide, allowing
sequencing of up to B bases." Figure adapted from references herein.

a glass slide rather than in a polyacrylamide matrix, The arrayed minisequencing primerswere
designed to anneal immediately adjacentto the splice junction and extendedwith fluorescent
nucleotides.Y'Ihis method,whichhas the potential to profile200 transcripts in 80 samples on
one sllde" requires PCR amplification, whichmakes it relatively sensitive to the detectionoflow
abundancetranscripts, althoughit is onlysemi-quantitative in detectingthe relative abundance
of splice variants. A relatedarrayed primer enension (APEX) approach was usedror detecting
transcripts fromvariable emns ofCD44 in a human breast tumour sample."While this design
alsousedprimer enension on immobilized primersfor detectionof splice variants, it crnployed
differentprimersfor eachsplice junctionsequence.

Anotherrccentlydescribcdmethod that permitshigh-throughputandautomatedprofilingofAS
involves primerenensionuslnggene-spedfic RT-PCRandprimerenensioncoupled todetectionby
MALDI-TOFMS(mattix-assisted laserdesorption/ionization rimeofflightmass spcetrorncrry).59
Differentproductsgenerated byprimerextension thatdiffer byoneto afewbases at asiteofASarc
resolvedandquantified byMALDI-TOFMS.591hismethodwas appliedtoscvcralgenes inhuman
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tissue samples andwas uscfulindetectingcomplc:xsplicingpatternsin VEGF(Vascular Endothelial
Growth Factor) transcripts. Similar to other primerextension-based ASprofiling methods,prior
knowledge of the sequences involved is required forprimerdesign. However, with the useofa 384
well-plate format,a throughputof a few thousandreactions per daycouldbeachieved,"

Sequence-BasedDetection ofASEvents
While certain microarray designs incorporatingtiling and splice junction oligonucleotides

(discussed above) canbe usedfor the de novoidentification ofASevents, manyprevious analyses
have reliedon the alignmentofEST andeDNAsequences to genomesequence. Severaldatabasesof
ASeventshave beenconstructedinthisway. Lists ofsuchdatabases formammalian sequenceshave
beenpublishedin several recentrevic:ws,tM3 andnewresources arecontinuouslybeingdeveloped,64

However, arecentanalysis ofsequences in theMammalian GenomeCollection(MGC) indicated
thatrandomeDNAsequencing isapproachingsaturation fortheadditionofnewfull-length eDNA
clones to theMGC.65Thereforc:, the identificationofnoveltranscripts andASevents thathave been
missed by systematic eDNA and EST sequencing willrequirethe development of moreefficient
and directed strategies.60S For example, several methods for generating eDNA libraries enriched
£Or AS and £Or directed screening of existing libraries for noveltranscriptshavebeen described.
In addition,combiningnewcomputational predictionapproaches with large-scale experimental
validation and the useof newhigh-throughputsequencing technologies willbediscussed.

Generating ~SLibraries"
Several methodshavebeenproposedto sdectivdyclonealternativelyspliced transcripts topro-

duce"AS libraries': In theASEttapstrategy,67 adaptorsequencesareligatedto theendsoffragmented
double-stranded eDNA that has been denatured and renatured. The eDNA is then incubated
with His-taggedE.coliSSBP(ssDNA-bindingprotein),whichwillbind to single-stranded 'loop
regions' generatedby renaturingof differentially alternativdysplicedeDNAs.Affinity-purified
SSBP-eDNA complacs arethen eithersubjectedto further cycles of enrichmentor the eDNAis
PCR amplified usingthe adaptor sequences and clonedinto an ASlibrary.67 An ASEtraplibrary
generatedfromplacentaleDNA had IO·£Old enrichment£Or internalcassette-exon eventswhen
comparedto acontrollibrarj," In asimilarstrategycalledASSET(ASsequence enrichedtags),68
insteadof usingSSBP, annealingof randomizedbiotinylated oligonucleotides was usedto 'trap'
the single-stranded loop regions.68 ASSET led to the identification of previously unidentified
splicingeventsin 436 genes.68

Another strategy called DATAS (Differential Analysis of Transcripts with Alternative
Splicing)38.69 has beenproposed.In thisapproach.biotinylated eDNAgenerated&omone condi-
tionorpopulationof transcripts ishybridized withmRNAfromasecondconditionorpopulation
to formRNA:DNA heteroduplacs .Single-strandedloopregions of mRNAwilloccurin regions
wheretherearesequences insertedbyAS.TheseRNAloopsareisolatedbyRNaseHdigestionof
RNA in the RNA:DNA hybridized regionand the biotinylated eDNA strand is then removed
bymagneticcaptureon streptavidin beads. The isolatedsingle-stranded RNA regionsare then
reverse transcribed and clonedinto a library.38.69 A disadvantage of this approachis that onlythe
alternative region iscloned,whereas in previously mentionedtechniques, the sequences flanking
the alternative regionarealsoincluded.

DirectedScreening ofExistingLibraries
Efficient and directedmethodsfor screeningeDNA libraries represents another approach£Or

detectionofaltemativclysplicedtranscripts that arenot presentin ESTcollecrions/? Forexample,
when384well-characterized genes not presentin the MGC were targeted £Or full-length eDNA
cloning,unexpectedPCR productsrepresenting novelsplice variants of five of thesegenes were
uncovered, aswellaspotential splice variants for manymoreof the genes.60S

Amethod£Or directedscreeningofplasmideDNAlibraries, SUP (self-ligation ofinversePCR
products),was usedto producefull-length clones£Or 153transcriptionfactors not represented in
theDrosopbil« GeneCollection(DGC).70 In SLIP, atranscriptisamplified froma poolof eDNA
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libraryplasmids, usingaprimerpairthat targetadjaa:nt sequences inaknown emn in the transcript
andwhichdircctatensioninoppositedirections.70Theamplifiedscquenceisthencircularizcdand
the libraryportion ofthe sequenceisselectively digestedwith a mcthylation-scnsitive restriction
enzyme.The remainingeDNA product is cloned and sequenced.SLIP wassuccessful fur 68%
oftargets and ableto recoverfull-lengtheDNA for rareand altemadvely-spllced genes," Unlike
RT-PCR, which depends on accuratepredicrion of transcript ends fur primer design.SLIP has
the advantageofbcing ableto recoversequences at the 5' and 3' endsofgenesthat arenot present
inannotated genemodels."

. AnothcrsttategyfurthescrccningofcxistingeDNAlibrariesisRccA-mcdiatedcmnprofiling.71

In thistechnique,targetplasmidsarcprobed usingthe homologousrecombinase RctA. carryinga
radioisoeope-labeled oligonucleotide probe to the putativenovelalternativeemn, (Le., identified
byanother method. suchasa tilingarray).Thefunnation of a 'triplex'hctwccn the RetA carrying
the oligonucleotideprobe and a eDNA carryingthe exonsequenceisdetectedbyelectrophoretic
mobility difference and auroradiography," This strategy can be more cost-effective than library
sequencingand was able to identifynovelsplicevariantsin fuur genes,"

ComputationalPrediction andExperimental Validation
oj'No'lJelAlternativeExons

In addition to the identifiCation ofAS eventsby alignmentof eDNA and EST sequences to
genomes, sequence comparisonsbetween genomeshave been used to develop computational
predictionsofnovelASevents.Forexample, usingsequencefeatures ofhuman and mousegenes,
two cmn classification algorithms, ACESCAN47 (ACE: alternative conserved cmns) and a
Non-EST-BascdMethod furEson-SkipptngPredrcdon'? predictedmanynovelalternativeexons
conservedbetweenhumanandmouse.asubsetofwhichwerevcrifiedbyRT-PCRassays. Another
probabilisticmethod, UNCOVER73 (Unknown COnserved Variable Exon Recognition) also
usedsequencefeatures to predict both skippedexonsand retained introns in human and mouse.
Other computational approaches combine comparative genornics and EST sequences, such as
the cross-species EST-to-gcnomecomparisonalgorithm ENACE,74 which useshuman, mouse
and rat sequences to predict novelalternativeexonsand retained introns with no previousEST
evidencein the samespecies.

In model organismswithout sufficientEST coverage. alternativemethods to aligningESTs
to the genome must be developedfur AS prediction. For example,by examiningconservation
hctwccnD. melanogasterandD.pseudoohscura, putativealternativecmns wereidentified,at least
40% ofwhich were found to be alternativdy spliced.7S For the prediction ofAS in C. elegans.
a new gene-finding algorithm. LOCU$16(Length Optimized Characterization ofUnknown
Spliceforms), uses transcript length information to predict the form of alternativdy spliced
transcripts. The length infurmation is derived from the C. ell!gans Orfeome project, in which
transcriptswereamplifiedand cloned usingprimerstargetedto predicted first and lastcmns.77,71l

LOCUS could accuratelypredict the correct form ofmost alternativelysplicedproducts on a
test set of151alternativelysplicedinternal exons, includingboth cassetteexonsand alternative
splicesite usage,76 However. the accuracyofLOCUS was decreasedwhen used on the Oyand
human gcnomes. suggcstingthatthe algorithmparametersneed to beretrainedand improvedfur
applicationsin other species,perhapsbyincorporating more complexscoringschemes.splicing
enhancer/silencer sequences, or conservation Information."

Higb-Throughput Sequencing Technology
Thedemandin the academicand commercialsectorsfurcost-effectiveandhigh-throughput se-

quencingtechnologyhasledto severalnewsequencingstratcgieswhichhavetremendouspotential
fur the detection and monitoringofAS.Thesenewtechnologies havebeen reviewed in depth in
terms of their rdative cost,throughput. accuracy and appliCations.ml2 Mostofthesetechnologies
currentlyyield considerably shorter sequenceread-lengths per run comparedto the read-lengths
that can be achievedbyconventionalSanger sequencing. However, they doofferadvantages in
terms ofincrcascd throughput and sensitivity.
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The useof new, single molecule-based sequencing technologies for the sensitivedetection of
transcriptdiversitywill allowthedetectionofnoveltranscriptvariantsandthepotential to examine
the combinatorialpatternsofsplice sireusagewithin transcripts.Severalsingle molecule techniques
havebeendescribedinwhichclonallyamplified single DNA moleculesarearrayed on asurface or
in wells and sequenced in ahighly paralld manner(Fig. 5A-C). Forexample, polonies(described
above) canbeusedfor amplifying single DNA molecules. A minisequencing technique. FISSEQ
(Fluorescence In SituSE~encing),56 canthenbe usedto sequence up to 8 bases on eachpolony,
usingreversiblyBuorophore-labeled nucleotideanalogues (Fig. 4C).56 In another polony-based
approach. a combination of emulsion peR amplification and sequencingon polonies using
fluorophore-labded probes allowed the resequencing of an E. coli genome (Fig.5A).13 Specific
applications of polonytechnologyto the profilingof AShavebeendiscussed above.

In another technology referred to as "Massively Paralld Signature Sequencing(MPSS). se-
quences from the 3'-end of transcriptsare generated and captured on paramagnetic beads(Fig.
5B).84 Sequencing is performedbycyclesof restricrion digestion and ligationusingfluorcscently
labded probes. This method has been applied to the quantitativeanalysis of gene expression.
sinceit allows the countingof mRNA molecules in a cellor tissuesample.84 While the sequenc-
ingof short tags fromthe 3' end of transcriptswould not bedirectlyapplicable to the profilingof
AS, modifications to the sequence captureapproachcan be envisaged thatwouldallowdirected
sequencing and quantification of altcrnativdysplicedtranscripts.
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Figure 5. Overview of several high-throughput single-molecule-based sequencing techniques
that can be applied to the profiling of AS. In multiplex polo ny sequencing" (A), MPSS84
(Massively Parallel Signature Seq uencing, Lynx/lllumina; B) and high throughput pyrosequenc-
ing85(454 Life Sciences™; C), various techniques are employed to clonally amp lify single DNA
molecules (top). In con trast, the single molecule array82 (Solexa/lllum ina; D) does not requ ire
clonal ampli fication. Separat ion of sequencing sub strates using polony slides, microflu idics,
welled fibre-optic slides, or high densityarrays (A-D, respectively; middle) allows highly-parallel
sequencing . Rounds of seq uenci ng are then performed using methods based on the detection
of specifically des igned fluore scently-Iabelled (explosion) oligonucleotides (A,B) or single
nucleotide triphosphates (D), or the detection of emitted light (lightning bolt, C).



80 Alt"""'tiv~ Splicing;n the Postgmomic Era

A technologyfor high-throughputpyrosequencing of clonally amplified DNA (Fig. SC) has
recentlybeenappliedto thesequencingof theMyCQ/J1asmagmitalium genome," In thisapproach,
adaptersarcligatedto sheared genomic DNA, whichis then singly coupledto beads and ampli-
fiedbyemulsionPCR.86 Pyrosequencing of the amplified DNA on a singlebeadis then carried
out in plcolitre-size wells on a fiber-optic slide.IS The release of pyrophosphate that accompanies
successive nucleotideincorporations is then detectedaslight throughenzymatic rcacrlons.871his
massively parallelpyrosequencing method can achieve a readlength of 100bases, the longestof
theaforementioned technologies.When appliedto transeriptome profilingoftheLNCaPprostate
cancercellline treated with syntheticandrogen," this techniqueenabledquantitativemeasure-
ment of transcript abundance, aswellasidentification of novelsplice variants. 181,279expressed
sequence tags (ESTs) were generatedfroma smallamount of fragmented eDNA and allowedthe
identification of2S novelASevents," In addition,10,000ESTs were mappedto genomiclocations
withno prior prediaed transcription. However, therewas somesequencingbiastowardstheends
of transcripts. whichmaybe the resultof incompleteeDNA fragmeneation,"

The technologies described aboveinvolve the sequencing of clonally amplified singleDNA
molecules. However, new technologies that allowthe sequencingof singlemolecules without
amplification are emerging. offeringadvantages in terms of reducedamountsof starting material
andalackofpossible amplification bias.Developmentofttue singlcmoleculcsequencingtechnolo-
gieshasbeen advanced by continuingprogress in areassuch asnano£luidic devices and sensitive
optical detection systems. aswell as thechemistry of £luorophore-labcled reversible terminator
nucleotides that canbeefficientlyincorporatedbyDNA polymerase. Developments in theseareas
have been describedin recent rcviCWS.8990

In the singlemolecule array"Solen" platformfrom the companylllumina (ref, 82 and refer-
encestherein).theattachmentofan anchorandsequencingprimerto fragmented. singlestranded
genomicDNA allows eachmolecule to be attached to a diffi:rcnt site on a solid substrate(Fig.
SD). Sequencingof up to 30 bases is carriedout by rounds of incorporationof uniquely-£luo-
rophore-labeled reversible terminator nucleotides. The £luorophore and reversible terminator
grouparcremovedto allowmultipleroundsof incorporation.Theuseof total internal reflection
fluorescence allows sufficiently high signal-to-noise ratio for singlemolecule detection. While
this technologyhas only been applied to genomicDNA sequencing, it could be modifiedfor
transcriptomesequencingin an analogous wayto the massively parallelpyrosequencing technol-
ogydescribed above.

A disadvantage of performing transcriptome profiling using the short-read sequencing
technologies describedaboveis that, in their current form, they precludeinvestigation of the
combinarorial use of AS within single transcripts. However. some of these technologies allow
the high-throughputand quantitativedetection of junction regionsassociated with AS and this
informationcouldsignificantlycomplementdatayieldedbyASmicroarrayprofilingandfull-length
transcriptsequencingprocedures.

Conclusions
During the past severalyears.the developmentofcustommicroarrays anddata analysis tools

hasfacilitatedthe large-scaleanalysis ofalternativesplicingin metazoanorganisms.Among the
important insights gained from this firstwaveof studies is the observation that sets ofgenes
regulatedat the levelof alternativesplicingin acellor tissuetype-specific mannerareprimarily
differentfrom the setsof genesregulatedin the samecontextsat the levelof transcription.17.21,27

Moreover, the targetsofasmallnumberofalternativesplicingfaaors havealreadybeenidentified
usingalternativesplicingprofilingtechnology.1S.24These studies haverevealedthat individual
splicingfactors suchas the neural-specific protein Nova can regulatethe alternativesplicingof
genesthat aresignificantly associated with specific functions.Theemergingpicture from these
and other recent studies is that alternativesplicing,liketranscription and other layers of gene
regulation.iscapableofcoordinatingthe activitiesofgenesthat function in commonprocesses
and pathways. Such"networks" ofalternativesplicing-regulated genesawaitfurther delineation
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and characterization. For example, the expansion ofdatasets by profiling additional cell and
tissuesources.aswellas stagesofdifferentiation and development, should facilitate the further
identification of groups of genes that arc regulated in a coordinated manner by alternative
splicing. Such an expansion ofdata will provide a powerful basis from which to identify new
featuresofthe "regulatorycode- underlyingcell/tissue and differentiation stage-specific splicing
decisions.P The knowledge of new motifs identified in this manner will in turn facilitate the
identification ofnew trans-acting factors that regulate alternative splicing.A5discussedin this
chapter. these advanceswillundoubtedly benefit from ongoing improvements to the profiling
capacity and accuracyofsystemsthat can be used to monitor alternative splicing.

While thischapter has primarilyfocusedon the developmentsand applicationsofsystems for
the large-scale analysisofalternative splicing. it docs not discussa major challengethat the fidd
must facein the years ahead-namdy the stark absenceofinfonnation on the specific functions of
altcrnativdy splicedprotcin variants.A5the dataallowingthe chartingofnew and existingsplice
variantsrapidlyexpands.high throughput screensfur assessing the functions ofthe splicevariants
will be required. It seemsquite likelythat RNAi and antisensetechnologieswill be employedfor
the systematictargeting of splice variants associatedwith specificfunctions and pathways.for
which there isan assayable readout. Similarly, givenincreasingevidencethat the translated regions
correspondingto manyalternativeexonsoccuron the surfaces of protelns," an important goalwill
be to establishother high-throughput systemsthat permit protcin-protcin interactions involving
collectionsof expressedsplicevariants to be assayed. Finally. assuggestedpreviously," we appear
to be entering an era of-exonomics~ in which eron-levelresolution functional data will become
increasinglyimportant in order to obtain amore completepicture of the regulation and function
of complex biological systems, such as the nervous system. The increased use ofcon targeting
strategiesin awholeorganismcontextwill thereforealso becriticalin order to dissect the biological
rolesofindividual emns, especiallythose that displayconservedregulatory patterns.

Acltnowkdgements
We thankBrent Gravdey for helpful comments on the manuscript. Our research funding is

provided by the Canadian Institutes ofHealth Research, National Cancer Institute ofCanada,
and byGenome Canada through the Ontario Genomics Institute.

References
1. Shoemaker DO. Schadt EE, Armour CD et at Experimental annotation of the human genome using

microarray technology. Nature 2001: 409(6822):922-927.
2. Hu GK, Madan: SJ. Moldovc:r B et at Predicting spllce variant from DNA chip express ion data . Genome

Res 2001 ; 11(7):1237-1245.
3. Kapranov P, Cawley SE. Drcnkow J et at Large-scale transcriptional activity in chromosomes 21 and

22. Science 2002: 296(5569):916-919.
4. Hughes TR. Mao M. Jones AR et al. Expression pro/iling using microarrays fabricated by an Ink-jet

oligonucleotide synthesizer. Nat Biotechnol 2001 ; 19(4):342-347.
5. Kampa 0, Cheng J. Kapranov P et at Novd RNA. identified from an in-depth analysis of the tran-

scriptome of human chromosomes 21 and 22. Genome Res 2004; 14(3):331-342-
6. Stoic V. Gauhar Z. Mason C et at A gene expression map for the euchromatic genome of Drosophila

melanogaster, Science 2004: 306(5696):655-660.
7. McIntyre LM, Bono LM. Genissel A et at Sa-specific expression ofalternative transcripts in Drosophila.

Genome Bioi 2006; 7(8):R79.
8. Nc:r-Gaon H. Fluhr R. Whole-genome microarray in Arabidopsis facilitates global analysis of retained

introns. DNA Res 2006: 13(3):111-121.
9. Castle J. Garrc:tt-Engdc p. Armour CD et at Optimization of oligonucleotide arrays and RNA am-

plification protocols for analysis of transcript structure and alternative splicing. Genome Bioi 2003:
4(10):R66.

10. Clark TA. Sugnct cw. ArcsJr M. Genomcwide analysis ofmRNA processing in yeast using splicing-spe-
cific microarrays. Science 2002; 296(5569):907-910.

1L Johnson JM. Castle J, Garren-Engele P et at Genome-wide survey of human alternative pre-mRNA
splicing with ann junction microarrays. Science 2003; 302(5653):2141-2144.



82 Altern4lilJeSplicingin thePOltgenomic Era

12. Yealdc:y]M. Fan]B. Doucet D et al. Profilingaltcmativesplicingon fiber-optic arrays. Nat Biotecbnol
2002: 20(4):353-358.

13. Li HR, Wang-Rodriguez]. Nair TM et al. Two-dimensional transcriptomeprofiling: identificationof
messenger RNA isofonnsignatures in prostatecancerfrom archived parafiin-embeddcd cancerspecimens.
Cancer Res2006: 66(8):4079-4088.

14. Bingham]. Sudarsanam S. Srinivasan S. Profilinghuman phosphodiesterase genesand splice isofonns.
BiochemBiophys ResCommun 2006: 350(1):25-32.

15. BlanchetteM. Green RE.BrennerSE et al. Globalanalysis of positiveand negative pre-mRNAsplicing
regulators in Drosophila. GenesDev 2005: 19(11):1306-1314.

16. Fchlbaum P. Guihal C. Bracco L et al. A microarray configurationto quantify expression levels and
rclative abundanceof splicevariants. NucleicAcidsRes2005: 33(5):c47.

17. Le K, MitsoutaS K. RoyMetal. Detecting tissue-specific regulationof alternative splicingas a qualita-
tive changein microarray data. NucleicAcidsRes2004: 32(22):cl80.

18. Li C. Kato M, Shiue L et al. Ccl1 type and culture condition-dcpcndentalternative splicingin human
breast cancer cells revealed by splicing-sensitive microarrays. Cancer Res2006: 66(4):1990-1999.

19. Nagao K, Togawa N. Fujii K et al. Detecting tissue-specific alternative splicing and disease-associ-
ated aberrant splicing of the PTCH gene with exon junction microarrays. Hum Mol Genet 2005:
14(22):3379-3388.

20. Pan Q, SaltzmanAL. Kim YK et al. Q!!.antitative microarray profilingprovidesevidence againstwide-
spreadcouplingof alternative splicingwith nonsense-mediated mRNAdecayto control gene expression.
Genes Dev 2006: 20(2):153-158.

21. Pan Q, Shai0, Misquitta C et al. Revealing globalregulatoryfcatun:s of mammalian alternative splicing
using a quantitative microarray platfonn. Mol Ccl12004: 16(6):929-941.

22. Rdogio A. Ben-Der C. BaumM et al. Alternativesplicingmicroarrays revealfunctional expression of
neuron-specific regulatorsin Hodgkin lymphomacclls.] Bioi Chern 2005: 280(6):4779-4784.

23. Sugnet cw; Srinivasan K, Clatk: TA et al. UnusualIntron Conservation ncar Tissue-Regulated&ons
Found bySplicingMicroarrays. PLoS Comput Bioi2006: 2(1):c4.

24. Ule ], Ule A, Spencer] et al. Nova regulates brain-spccilic splicingto shape the synapse. Nat Genet
2005: 37(8):844-852.

25. WangH. Hubbell E, Hu]S et al. Gene structure-based spliccvariant deconvolution using a microarray
platfonn. Bioinformatics 2003: 19 (Suppll):i315-322.

26. Shai 0, Morris QD. Blencowe B] et al. Inferringglobal levels of alternative splicingisoforms using a
generative model of microarray data.Bioinformatics 2006: 22(5):606-613.

27. Ip JY,TongA. Pan Q et al. Global analysis of alternative splicingduring T-cell activation. RNA 2007:
13:563-572.

28. Fagnani M. Barash Yo Ip JY et al. Functional coordination of alternative splicing in thc mammalian
central nervoussysccm. Genome Bioi 2007: 8:RI08..

29. Calarco]A. Xing Yo Caceres M et al.Global analysis of alternative splicingdifferences betweenhumans
and chimpanzees. GenesDev 2007: in press.

30. Cupcrlovic-CulfM, Bdacel N. Culf AS et al. Data analysis of alternative splicingmicroarrays. Drug
DiscovToday2006: 11(21-22):983-990.

31. Huang X. Li ], Lu L ee al. Novel developmene-relaeed alternative splices in human testis identifiedby
eDNA microartays.] Androl 2005: 26(2):189-196.

32. MacDougall C. Harbison D. Bownes M. The developmental consequences of alternate splicing in sex
determination and differentiation in Drosophila.Dev Bioi 1995: 172(2):353-376.

33. Forch p. Valcarcel].Splicingregulation in Drosophila sexdetermination.Prog Mol SubccllBioi 2003:
31:127-151.

34. Park:.rw. Parisky K, Celotto AM ct al. Identificationof alternativc splicingregulators byRNA interfer-
ence in Drosophila. Proc Narl Acad Sci USA 2004: 101(45):15974-15979.

35. Cartegni L. Chew SL.KramerAR. Listeningto silenceand understandingnonsense: exonicmutations
thataffect splicing. Nat RevGenet 2002: 3(4):285-298.

36. Caceres]F. KornblihttAR. Alternative splicing: multiplecontrol mechanisms and involvement in human
disease. Trends Genet 2002: 18(4):186-193.

37. Blencowc BJ.Alternative splicing:new insights from globalanalyses. Cell 2006: 126(1):37-47.
38. Bracco L. KeaneyJ. The relevance of alternative RNA splicing to pharmacogcnomics.TrendsBiotechnol

2003: 21(8):346-353.
39. Zhang C. Li HR, Fan]B et al. Profiling alternatively splicedmRNA isoforms for prostate cancerclas-

sification. BMC Bioinformatics 2006: 7:202.
40. EisenMB. SpellmanPT. BrownPO et al. Cluster analysis and displayof genomc-widc expression pat-

terns. Proe Nat! Acad Sci USA 1998; 95(25):14863-14868.



Technologiesfor theGlobalDiscovery anJAnalysisofAlternativeSplidng 83

41. Su AI. Wiltshire T. BatalovSetal. A gene atlas of the mouse and human protein-eneoding transcrip-
tomes. Proc Nad Acad Sci USA 2004: 101(16):6062-6067.

42. Zhang W; Mottis QD. Chang R et al, The funcrionallandscape of mouse gene expression.] Bioi 2004:
3(5):21.

43. Keene]D. Lager Pl. Posrtranscriptional operons and regulonsco-ordinating gene expression. Chromo-
some Res 2005: 13(3):327-337.

44. Lim LP.Lau NC. Garrett-Engele P et aL Mieroarrayanalysis showsthat some microRNAsdownregulare
large numbers of target mRNAs. Nature 2005; 433(7027):769-773.

45. Modrek B. Lee C]. Alternative spUcing in the human. mouse and rat genomes is associated with an
increasedfrequencyof cmn creation and/or loss. Nat Genet 2003: 34(2):177-180.

46. Pan Q, Bakowski MA. MorrisQet aI. Alternative spUcing of conserved emns is &equcndy species-specific
in human and mouse. Trends Genet 2005; 21(2):73-77.

47. Yeo GW; Van Nostrand E, Holste D et aI. Identification and analysis of alternative splicing events
conserved in human and mouse. Proc Nad Acad Sci USA 2005: 102(8):2850-2855.

48. Xing Yo LeeC], Protein modularityof alternatively splicedemns is associated with tissue-spcci.6c regula-
tion of alternative splicing.PLoS Genet 2005; 1(3):e34.

49. Green RE, Lewis BP. Hi1lman RT et al. Widespread predicted nonsense-mediated mRNA decay of
alternatively-spliced transcriptsof human normal and disease genes. Bioinformatics 2003: 19 (Suppll):
ill8-121.

50. Lewis BP. Green RE. Brenner SE. Evidence for the widespread coupling of alternative splicing and
nonsense-mediated mRNA decay in humans. Proc Nad Acad Sci USA 2003: 100(1):189-192-

51. Lejeune F. Maquat LE. Mechanistic links between nonsense-mediated mRNA decay and pre-mRNA
splicingin mammaliancells,Curr Opin Cell Bioi 2005: 17(3):309-315.

52. Zhu ], Shendun:]. Mirra RD et aI. Singlemoleculepro6ling of alternativepre-mRNA splicing. Science
2003; 301(5634):g36-838.

53. Bun ]A . Roberts KG. Edwards ]S. Detecting changesin the n:lative expression ofKRAS2 splicevariants
using polymerase colonies. Bioeechnol Prog 2004: 20(6):1836-1839.

54. Mirra RD. Church GM. In situ localizedampli.6cation and contact replicationof manyindividualDNA
molecules. Nucleic Acids Res 1999: 27(24):e34.

55. Mitra RD. Butty VL. Shendun:] et aI. Digital genotyping and haplotypingwith polymerase colonies.
Proc Nad Acad Sci USA 2003: 100(10):5926-5931.

56. Mirra RD. Shendure ]. Olejnik] et al, Fluorescent in situ sequencing on polymerasecolonies. Anal
Biochem2003; 320(1):55-65.

57. Milani L. Fredriksson M. Syvanen AC. Detection of alternatively spliced transcripts in leukemiacell
lines by minisequencingon microarrajs, Clin Chem 2006: 52(2):202-211.

58. Kim H. Pittung MC. Attayed primer extension computing with variant mRNA spliceforms. Multiple
isoforms of CD44 in a human breast tumor.] Am Chern Soc 2002: 124(18):4934-4935.

59. McCullough RM. Cantor CR. Ding C. High-throughput alternative splicingquantificationbyprimer
extensionand matrix-assisted laser desorption/ionization timc:-of-Bight massspccttometty.NucleicAcids
Res 2005: 33(l1):e99.

60. Modrek B. Lee C. A genomic viewof alternativesplicing. Nat Genet 2002: 30(1):13-19.
61. Lareau LF. Green RE. Bhamagar RS er aI. The evolvingroles of alternativesplicing.Curr Opin Seruct

Bioi 2004; 14(3):273-282.
62. Stamm S. Ben-AriS. RUalska I et aI. Function of alternativesplicing.Gene 2005: 344:1-20.
63. Zavolan M. van Nimwegen E. The types and prevalenceof alternative splice forms. Curr Opin Struct

Bioi 2006; 16(3):362-367.
64. Holste D. Huo G. Tung V et aI. HOLLYWOOD: a comparative relational database of alternative

splicing. Nucleic Acids Res 2006: 34(Database issue):D56-62.
65. Gerhard DS. Wagner L. Feingold EA et al, The status. quality and expansion of the NIH full-Iength

eDNA project: the MammalianGene Collection (MGC). Genome Res 2004; 14(10B):2121-2127.
66. Baross A. ButterfieldYS. Coughlin SM et al, Systematic recovery and analysis of full-ORF human eDNA

clones. Genome Res 2004; 14(10B):2083-2092.
67. Thi1l G. Castelliv. Pallud S er aI. ASEtrap: a biological method for speeding up the exploration of

spliceomes. Genome Res 2006; 16(6):776-786.
68. Watahiki A. Waki K. Hayatsu N et aI. Libraries enriched for alternatively spliced emns revealsplicing

patterns in melanoeyres and melanomas. Nat Methods 2004; 1(3):233-239.
69. Schweighoffer F. Ait-Ikhlcf A. ResinkAL et aI. Q!!.alitative gene pro6ling: a novel tool in genomic.

and in pharmacogenomics that deciphersmessenger RNA isoformsdiversity. Pharmacogenomics 2000:
1(2):187-197.



84 Akn-native Splicingin thePostgenomil: Era

70. Hoskins RA. Stapleton M. George RA ct aL Rapid and efficient eDNA library screening by self-llgadon
of inverse PCR products (SUP). Nucleic Acids Res2005; 33(21):cl85.

71. Hasegawa Yo Fukuda S. Shimokawa Ketal A RecA-mcdiated eson proliling method. Nucleic Acids
Res 2006; 34(13):e97.

72. Sorek R. Shemesh R, Cohen Y ct aL A non-EST-based method for cmn-skipping prediction. Genome
Res 2004; 14(8):1617-1623.

73. Ohler U. Shomron N. Burge CB. Recognition of unknown conserved altcrnativdy spliced emns, PLoS
Comput Bioi 2005; 1(2):113-122.

74. Chen FC. Chen C], Ho JY et aL Identification and evolutionary analysis of novd cmns and alterna-
tive splicing events using cross-species EST-to-gcnome comparisons in human. mouse.and rat. BMC
Bioinformatics 2006: 7:136.

75. Philipps DL. Park JW; Gravdcy BR. A computational and experimental approach toward a priori
identification of alternativdy spliced cmns. RNA 2004; 10(12):1838-1844.

76. Agrawal R. Stormo GD. Using mRNAs lengths to accurately predict the alternativdy spliced gene
products in Caenorhabditis elegans. Bioinformatics 2006; 22(10):1239-1244.

77. Reboul J. Vaglio p. RualJF et aL C. degans ORFeome version 1.1: experimental verification of the ge-
nome annotation and resource for proteome-scale protein expression. Nat Genet 2003; 34(1):35-41.

78. Lamcsch P. Milstcin S, Hac T et aL C. dcgans ORFeome version 3.1: increasing the coverage of OR-
Feome resources with improved gene predictions. Genome Res2004; 14(IOB):2064-2069.

79. Chan EY. Advances in sequencing technology. Mut:lt Res 2005; 573(1-2):13-40.
80. Metzker ML Emerging technologies in DNA sequencing. Genome Res2005; 15(12):1767-1776.
81. Shendure J. Mitra RD. Varma C et al. Advanced sequencing technologies: methods and goals. Nat Rev

Genet 2004; 5(5):335-344.
82. Bendcy DR, Whole-genome resequencing. Curr Opin Genet Dev 2006.
83. Shcndure J. Porreca G]. Reppas NB et aL Accurate multiplex polony sequencing of an evolved bacterial

genome. Science 2005; 309(5741) :1728-1732.
84. Brenner S. Johnson M. Bridgham J et aL Gene expression analysis by massivdy parallel signature se-

quencing (MPSS) on microbead arrays. Nat Biotechnol2000: 18(6):630-634.
85. Margulies M. Egholm M. Altman WE et aL Genome sequencing in microfabricated high-dcnsity picolitre

reactors. Nature 2005; 437(7057):376-380.
86. Dressman D. Yan H. Traverso G et aL Transforming single DNA molecules into fluorescent mag-

netic particles for dercction and enumeration of genctic variations. Proc Nad Acad Sci USA 2003;
100(15):8817-8822.

87. Ronaghi M. Karamohamed S. Pettcrsson B ct aL Real-time DNA sequencing using detection of pyro-
phosphate release, Anal Biochcm 1996; 242(1):84-89.

88. Bainbridge MN. Warren RL. Hint Metal Analysisofthe prostate cancer cclliine LNCaP transcriptome
using a sequencing-by-synthcsisapproach. BMC Genomics 2006; 7:246.

89. Dear PH. One by one: Single molecule tools for gcnomics. Brief Funce Genomic Proteomic 2003,
1(4):397-416.

90. Grculich KO. Single-molecule studies on DNA and RNA. Chcmphyschcm 2005, 6(12):2458-2471.
91. Wang P. Yan B. Guo JTet aL Structural gcnomics analysis of alternative splicing and application to

isoform structure madding. Proc Natl Acad Sci USA 2005; 102(52) :18920-18925.



CHAPTER 6

Searching for Splicing Motifs
Lawrence A. Chasin"

Abstract

I ntron removal during pre-mRNA splicing in higher eukaryotes requires the accurate
identificationofthe two splicesitesat the endsofthe emns, or emn definition.Thesequences
constimtingthe splicesitesprovideinsufficient informationto distinguish true splicesitesfrom

the greaternumber offalsesplicesitesthat populate transcripts.Additional informationusedfor
emn recognitionresidesin alargenumberofpositivdyor negativdyactingdements that lieboth
within emns and in the adjacentlntrons.Theidentification ofsuchsequencemotifshasprogressed
rapidlyin recent years. suchthatextensive listsarenowavailable forexonicsplicingenhancersand
emnic splicingsilencers. Thesemotifshavebeen identifiedboth byempiricalexperimentsandby
computationalpredictions,thevalidityof the latter beingconfirmedbyexperimentalverification.
Molecularsearches havebeen carriedout eitherbythe selectionofsequences thatbind to splicing
factors,or enhanceor silencesplicingin vitroor in vivo.Computational methodshavefocusedon
sequences of6 or 8 nudeotides that areover-or under-representedin exons,comparedto introns
or transcriptsthatdonot undergo splicing. Thesevariousmethods have sought to provideglobal
definitionsof motifs,yet the motifsare distinctiveto the method usedfor identificationand dis-
playlittle overlap. Astonishingly, at least three-quartersofa typicalmRNA would be comprised
of these motifs. A present challenge lies in understandinghow the cdl integrates this surfeit of
information to generatewhat is usually a binarysplicingdecision.

Splice Site Sequences Are Necessary but Not Sufficient
In the processofconvertinga pre-mRNA moleculeto a maruremRNA, introns are removed

bythe spliceosome, averylargeprotein-RNA complexthatcontainsfive small nuclearRNA mol-
eculesand scoresofproteins (referto chapterbyMatlin and Moore).During this reaction,the two
bordering exonsmust be brought dose together, much as two substratesin a synthetic reaction
ofintermediarymetabolism. But in the latter case, eachof the two substratesusuallyconsistsof a
population ofidentical molecules. whereasthe two ends of the intron haveavariedcomposition.
Theenzymethat is the spliceosome mustbringtogether the GU andAG (whicharealmostalways
identical) in the midst ofsomevarietyamong the adjacentnucleotides,

The Splice Sites
The adjacent nudeotides at each splicesite are far from random; they comprise two easily

distinguishedconsensus sequences ofnine basesfor the 5' splicesiteand about 15 basesfor the 3'
splicesite.Positionspecific scoringmatrices(PSSM)compiledfrom thousands ofintrons reflect
the relative contributions ofeachbaseat eachposition and allowanygivensequenceto be quan-
titativdyevaluated for its degreeof agreementto a consensus. One widdy used suchindex is the
consensusvalue (CV), which rangesfrom 100 (perfect consensus) to 0 (the worst consensusl.v'
The median CVsofhuman 5' and 3' splicesitesare82 and 80. respectively, and the distribution of
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scores is wide: cutoffsof78 fOr 5' splicesitesand 75 for 3' splicesirescapture only three-quarters
of the sites.Interestingly, the consensus sequences themselves do not representa majorityamong
splicesites. For instance,in a set of 5000 randomlychosenconstitutiveemns, less than5%con-
tain 5' splicesitesthatperfectlymatch the consensus ( (C or A)AG/GT(A or G)AGT) and the
consensus sequences do not represent the four most common 5' splice site sequences (Fig. lA).
5' Splicesites that contain only threeof the sevenvariablebases arenot uncommon; the data in
Figure lB suggestthat about 20,000 such mismatched5' splicesite sequences are present in the
human transcriptome.

The protein factors that recognizethe 5' and 3' splice sites need to bind to many distinct
sequences. Asan example, U2AF,6S whichbinds to the polypyrimidine tract of3' splicesites,can
accommodateawidevarietyofpyrimidinerichsequences in its bindingsite.sThus, thisdegreeof
diversitymight be tolerableifintrons and cmns hadevolvedto lack sequences that resemble the
splicesiteconsensuses, sothat the splicesiteswouldbeeasily recognizabledespitetheirdegeneracy,
Butjust theoppositeis thecase: pseudosplicesitesequences (false splicesitesequences thatarenot
used)areabout an orderof magnitudemoreabundant thanthereal splicesitesin large transcripts
and are present at a frequencysimilarto or greater than that expectedbychance (seeFig. lC,D
for the human HPRTgene).Moreover, manypseudo 5' splicesitesexistthat perfectlymatch the
sequenceofreal splicesites;in thesecases factorsother thanintrinsicstrength" must playa rolein
distinguishing betweenthe real and pseudosites.

Differentsplice sitesequenceshavedifferentstrengthsand thisstrengthgenerallycorrelateswith
the CV score.Thus the words "strong" and -weak" usuallyreferto the CV and not to a splicing
measurement. Indeed,splicingregulationtakes advantageofthisstrength-on average, alternative
splicesitesare slightlyweaker thanconstitutivesplicesites.5-7 However, the correlationbetween
splicesite strength and splicingis farfrom perfect. For instance,Eperon and colleagues placed
different5' splicesitesin competitionwithaconstantglobin5' splicesiteandmeasuredthepropor-
tion ofsplicingat the test site.' Correlationcoefficientsbetween splicingefficiencyand agreement
to the consensus wererespectable (0.68 to 0.76) but farfrom perfect.Strengthexperimentshave
usually beenset up ascompetitionsbetweentwo nearbysplicesites,'a situationthatis not always
the casefor endogenoussplicesites. That is, a weak splicesitemayberecognizedefficiently if no
nearbycompetitor is present.Inefficient splicingofa splicesite in a heterologouscontext implies
thatin thenatural contextasplicesitecommunicates with other nearbysequencedements. Splice
sitesequences mayevenhaveto betailoredto their context.Forexamples,mutation ofaDHFR 5'
splicesitefromAGAIGTAAGT(CV79 .6)toAGG/GTCAGT (CV80.9) preservedthe CVand
the predictedabilityto formaduplexwith Ul snRNA,yet reducedsplicingefficiencyfrom 100%
to 3%.9 Moresophisticatedmethods,such astreatingthe PSSMasprobabilldes,'?usingmaximal
dependence decomposition (MDD),II or a support vector machine (SVM),12 may marginally
improvesplicesite predictions. However, suchenhancementsdo not changethe conclusionthat
manyrealweak splicesitesmust be efficiently recognized,whilemanystrongpseudosplicesites
must beignored in the courseof splicinga typicalpre-mRNA.

The Branch Point
A thirddement that playsacentralrolein pre-mRNAsplicingis thebranchpoint.Thehuman

branchpoint consensus is YNYCRAY, although thissequencewasderivedfrom the biochemical
characterization ofasmallnumbercfbranchpotnts,'!Theconservedadenosineattaeks the 5' splice
siteand is usuallylocated18to40 nt upstreamofthe 3' splicesite,althoughit canbemoredlsrant,"
Thevariabledistanceand poor conservationofthe branchpoint makes it a poor predictor ofreal
3' splicesites.For instance,includingthebranchpoint in a computationalsearchfOr real 3' splice
sitesin the HPRTgenedid not increase theaccuracy of 3' splicesitepredictions.'!

Exon Definition
Theexcisionofan intron requires thepairingofsplicesiresat theendsoftheinrron,whichcanbe

considered "introndefinition': However, the initialrecognitionofmostsplicesitesprobablyinvolves
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Figure 1. A) Histogram of the number of occurrences of each unique splice donor site sequence
found among a set of 5000. The arrows show the points representing the four consensus
sequences. For instance, there are 2 sequences that each appear 61 times in this set of 5000,
one of which is a consensus sequence. B) Distribution of the number of mismatches to the
4 donor site consensus sequences among 5000 human donor sites. C) Frequency of pseudo
donor splice site sequences in the 40,000 nt human HPRT transcript having the indicated
minimum CV score. Also shown is the same analysis of randomized versions of the HPRT
transcript (average of 10 randomizations). The symbols along the abscissa indicate the values
for the eight real splice sites. The vertical line indicates the third quartile score for donor sites
of real exons (i.e., one-quarter of real donor sites have CV scores below that value). D) As
C, but for acceptor sites.

"exondefinition", theidentification ofthe two splicesitesacross theezon.Thereisplentifulgenetic
evidence supportingthisidea,in thattheusualconsequenceofmutatingonesplicesiteisskippingof
theexon-the remainingwildtypesplicesiteon theother end oftheexon isnot used.9•16 Similarly. a
downstreamS' splicesitegreatlyenhancessplicingto an upstream3'splicesitein vitto. 17•18Terminal
exonsaredefinedbyinteractionsbetweenfactorsthatrecognizethe S'capand Ul snRNPfor the
firstexon19.20 and polyadenylation factorsand splicingfactors that recognize the 3' splicesite for
the last exon.21 Despite the widespread acceptance ofexondefinition, the molecularbasisfor the
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impliedcommunicationhas been seldomstudied,18,ll with experimental designs favoring 2-exon
RNA molecules and interpretationsemphasizingspliccosomal interactionsacross introns.

Intemalhuman cmns havean average sizeofabout 120nt and lessthan 5%ofcmns aregteater
than250 nt in length.2.3Ifone adds the constraint that a potenti.al3' splicesite must be followed
by a 5' splicesite within 250 nt, then the number of false 3' splicesitesis substantially reduced,
but the number offalse 5' splicesitesisnot, as they becomethe limitingfactor.Thepseudoemns
that aredefinedbythesefalse 3' and 5' splicesiteswhich areassumedto beneverused,outnumber
the realcmns bymore than anorderofmagnleude,"Ifweacceptcmn ddiriition asthe usualcase,
then the problem becomesthat ofdistinguishingrealcmns from thesepseudoemns,

Additional Sequence Information Lies within Exons and Introns
Earlyexperimentsimplicatedcmns as a sourceof infurmation necessary fur alternativesplic-

ing.2-I·25 In 1993,Shiromaand colleagues definedan cmnic enhancer sequenceasa short purine
rich sequence." Sincethat discovery there has been a steadystreamofdescriptions of analogous
regulatorysequences.Thesesplicingregulatorysequences fall into four caregories basedon their
locationand their modeofaction:cmnic splicingenhancersand silencers (cmnic splicingenhanc-
ers [ESEs] and cmnic splicingsilencers [ESSsDand their intronic counterparts(intronic splicing
enhancers [ISEs] and intronic splicingsilencers [ISSsD. There aremyriadexamples of ESEsand
the great majoriryofthesehavebeen identifiedfrom studiesof alternatively splicedexons,More
recently, it hasbecomeevidentthatconstimtivdysplicedcmns requireESEs aswcll.27,2JlIngeneral,
ESEsbind membersofthe SRprotein family(refer to chapterby Lin and FU).29 AllSR proteins
havean arginine-serine (RS)-richdomain that can interact with other proteins3° and with the
RNA itsd£31 Theyalso contain one or more RNA recognition motifs (RRMs). Most ofthe SR
protein RRMs bind to a highlydegenerateset ofRNA sequences, yet display enough specificity
soas to be distinguishable from one another,"

Although lessbroadlystudied, a number ofESSs havebeen identifiedin alternativeexans.33

ESSs aretypicallyboundbyheterogeneous nuclearribonuclearproteins(hnRNPs) (refer to chapter
byManinez-Contreraset al), suchashnRNPAI and hnRNPI (polypyrimidinebinding protein.
PTB). Lila:SRproteins. hnRNPsshowpreferences fur particularsequencemotifswhilebinding
manyother sequences withless. yet notable,affinity.34 FewerISEsandISSs havebeen described, but
someofthesehavebeenextcnsivelycharacterized.35Comprehensive listsofmammalian alternative
exonssubject to both enhancementand silencing(both byESSs and ISSs) togetherwith manyof
their mediatorshaverecentlybeen compiled}3.36

Global Approaches for Defining Sequence Motifs for Splicing .
A powerfulapproachto undemanding how splicesitesarerecognizedand regulatedis to use

bioinfurmatics or experimental approaches to defineall the cis-dements that are implicatedin
splicesiterecognition.Thehope hereis that generalruleswillbecomeevidentasone uncoversthe
·splicingcode':37Theglobalapproaches have beenprincipallytwo: (1)statisticalanalysisofgenomic
sequences to findmotifsassociatedwith enhancementor silencing;and (2) molecularselecti.on to
defineallthe sequencemotifsthatwillenhanceor silence splicingin aparticular contextand/or in
responseto aparticularsplicingfactor,or to find the sequences that bind bestto apurifiedsplicing
factor.The remainderof this chapter will focus on such global approaches. Understanding the
splicingcode willallowfur a more exhaustive identificationofexansand thereforeofgenesand
proteins.with wideimplicationsfurgenomicsand medicine.In addition,it willhdp uspredict the
patternsof alternativesplicingand understand the mechanismand regulationof splicing.

Exonic Splicing Enhancers (ESEs) Predicted by Computation
ESEslie bydefinitionwithin cmns and most cmns differfrom the rest of the genomein con-

tainingsequences thatmustcodefurproteins.Thusa searchfur motifsthat areabundant in exons
vs.other regionswouldbe confoundedbythe inevitableemergence ofcommoncodon sequences.
Thisproblem has beendealt with in several differentways.
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Fedorovet al3ll compared the frequencies of tetramers and pent:l11lers in aons to those in
intronless genes, reasoningthatwhile both codeforproteins,theformerrequiresplicingsignals but
the latter do not. Twenty-threesequences were identifiedthat weresignificantly moreabundant
in erons, rangingfrom 1796 to 4296 overrc:presentation. The number of intronIess genes used in
thisstudywasrelatively small,63 perhapslimitingsignificance scores; and thebiological activityof
the sequences foundwasnot tested.

Fairbrotheret al39 got aroundthe protein codingproblembyComparing aons to emns, thus
neutralizingthe effectof protein coding. Theyreasonedthat ESEs shouldbe more abundant in
aons with weak splice sites than in aons with strong splicesites.Usingall 4096 possible hex-
amers, they identifiedmotifsfor which this frequency difference washigh, treatingdonor sites
and acceptorsitesseparately, To sharpenthe selection, they addedanother criterion:the motifs
must also be more abundant in aons comparedto flanking intronic regions. Usinga cutoffof
>2.5 standarddeviations for both criteriayieldeda combinedsetof238 hezamers, or 5.896 of all
possibilities.About a quarterof thesewere: commonto 5' and 3' splice sites.Manyof thesemotifs
were shown to be active in functionalassays demonstratingthe validityof this approach. Thus
mostofthesehexamersarecapableof aetingasESEs andareknownas"RESCUE-ESEs". Sincethe
success rateofthe validitytestswashigh,one mustconcludethat thisselection wasstringentand
that additionalhaamers falling belowthe cutoffsmayalsoactasESEs. Even at aselectionrateof
5.896, about 2396 of randomizedemn sequences wouldcorrespondto RESCUE-ESEs (Table1).
Thusthisstudysuggested that ESEs areabundantmotifs.RESCUE-ESE sequences canbefound
at http://genes.mit.edulbutgdab/rescue-ese/ESE.ttt.

In allmotifselection a:pc:riments (computationalor molecular) there: arecaveats due to biases
inherent in eachselection strategy. Forexample, in the RESCUE-ESEapproach, byfocusing on
aons withweaksplice sites, there: mayhavebeena biasedselection forESEs associated with alter-
narivcly splicedemns, sinceasawholetheyexhibitweaker splice sitesequences than constitutive
aons.S-7 A more subtlebiasarises from the factthat the transcriptome has an intrinsically high
A +T content of5796.2 When that content isreasonably usedasa background to calculate splice
sitePSSMscores, G + C-richsplice sitesequences will tend to stand out in informationcontent
as "strong" (more distinct) whereas A + T-rich sequences will appear "weaker" (lessdistinct
from background). A search for weak splice sitesusingPSSMvalues willthus mvorA + T-rich
sequences for this reasonaloneand thesesiteswillbeassociated withA + T richgenes (in A + T
rich isochores) and consequently A + T-richESEcandidates. Thisargumentcouldexplainwhy
RECUE-ESEs have a relativdyhigh(6196) A + T content (Table2).

ThevalidityofRESCUE-ESEswassubsequently testedbyaaminingevolutionaryconserva-
tion. SNPdensityat synonymous siteswithin thesemotifsislowerthan expected. especiallywhen
locatednearerto splice sites, supportingthe ideathat thesemotifshavebeensubjectto purifying
sdection and thus arefunctional.40

A second study used the same general approach, but different criteria to search for ESE
candidates. Out laboratory" circumvented the protein codingproblemby limitingthe analysis
to nonprotein-codingaons. Forrypercentof human genes contain noncodingfirstaons42 and
there are alsoa substantialnumber of genes with translationinitiation siteslocated in the 3rd
emn, or an aon that isfurther downstream. The latter representa pool of about 2000 internal
noncodingesnns,ofwhichabout 500were: chosenthat were less likdy to have originatedfrom
sequencingerrors.Wesearchedforallpossible octamers in thisexonset, allowingasingle mismatch
per oetamer in order to obtain a sufficient number of hits. Octamerswereidentifiedthat were
present at a much higherfrequency in the noncodingaons comparedto the sequences of two

differentnegative controlsets: (1) pseudoaons fromthe samegenes; and (2) the 5' untranslated
regions(UTRs) ofintronIessgenes. Neitherof these sequences codeforproteinsand the intron-
less UTR sequences maycontain informationfor stability, transport and translationthat should
alsobe present in the noncodingaons and so would be filteredout. Motifs that fell above2.8
standarddeviations fromthe meanwere: considered putativeESEs (PESEs) and numbered2069
of 65536possibilities, or 3.296. Thiscomparison alsoallowed the identification of motifsthat are
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rarein real cmns comparedto pseudocmns and the 5' UTRs of intronless genes and thesewere
consideredputativeESSs (PESSs). Eightof eight PESEs enhancedsplicing in a functionalassay
and single basemutationsthat reducedthePESEscores to nearneutralityreducedthisactivity.Of
58examples of mutationsreponed in the literatureto reducesplicing, 33%couldbeexplainedby
thedisruptionofaPESE(and28%couldbeexplained bethe creationofaPESS). Again, because
thesuccess rateof the validation testswas high, it islikdy that additionalPESEs wouldbefound
amongoctamcrswith somewhat lowerscores than thosechosen.At the conservative thresholdof
3.2%,about 17%of a randomizedcmn sequence wouldbe represented by PESEs (Table1); so
likeRESCUE-ESEs, thesemotifsareabundant.Theaverage internal(coding)constitutivecmn
of 120nt containsnine PESEs, oftenin overlapping clusters. PESEs are2-fuldmoreabundant in
exons comparedto introns.A full setofPESE sequences canbe foundat http://www.columbia.
edu/cu/biology/faculty/chasin/xz3/pese262.txt. A list of the scores fur eachof the two criteria
for all 65,536 octamers canbe found at http://www.columbia.edu/cu/biology/faculty/chasin/
xz3/ocramers.txt.

Again, biasescould haveinfluencedthe typesof motifs that wereselected.The 5' UTRs of
intronlessgenesthat wereused asan ESE-under-reprcscnted data set areofien situated within
regions that are rich in CpG sequences, since the CpG islandsthat lie upstream of numerous
genesoften extend as much as 2 kb into the gene!3Moreover, noncoding exons used as the
positiveexamples are lowin CpG content relativeto codingcmns." Forboth ofthese reasons,
CpG-containing ESE motifs may have been under represented in this selection, since they
maynot be enriched over the relatively high backgroundof CpG-containing octamers in the
5' UTR of intronlessgenes. In the earliercomparisonof cmns to intronlessgenesmentioned
above,38 most of the candidate ESS pentamers identified as being relatively scarce in exons
contained CpG dinucleotides. Although they havea CpG content similarto that of cmns asa
whole (Table2, comparecolumns2 and 12),PESEs do not includemanyESEspredicted from
molecularselectionsand thesetend to haveveryhigh CpG contents (Table2, columns5 to 8).
Another possibleweakness in the selectionmethod describedabovestemsfromthe assumption
that noncodinggenesdo not contain protcin codinginfurmation. In fact, suchezonsmayhave
coded fur proteins in the evolutionarypast and maintained a vestige of this nonrandomness,
In this case, PESEcandidatesthat merelyoverlap with highly used dicodonscould havebeen
isolatedas false positives. However, such sequences maytend to be ESEs nonethelessand the
high validation ratesofPESEs arguesagainstthispossibility.

PESEs weresubsequently tested in a morerigorous fashion.28 Sixreal mammalian cmns (five
constitutive and one alternative) were computationally scannedfur PESEs. About four PESE
clusters per 100 nt werefound, Byknockingout each individualPESEclusterwith singlebase
substitutionsand assaying splicing in vivo, 18ofthe 22 predictedPESEs wereshownto be func-
tional.In additionto functionality, thisresultshowedthateachemn requirednearlyallofits ESEs
to workin concertto promotec:fIicient splicing; Le.,mostwerenot redundant.A similartesthas
been carriedout usinga minigene containingan alternatively splicedalpha-tropomyosin cmn.45

Eleven PESEs or PESSs were mutatedto reducetheir absolute scores and in 10of the 11 trials the
splicinglevels respondedaccordingly (J. Colesand CWo Smith, personalcommunication). As
wellasprovidingadditionalvalidation ofPESEs, thisstudyprovides the firstsuchexperimental
test ofPESSs.

Althoughentirely different criteriawereusedto selectRESCUE-ESEs and PESEs, theyshow
considerable overlap, a factthatfurther supports the validityof both sets (Table3). At thesame
time,thetwo setscontaindistinetESEs.AscanbeseeninTable1(column4),eachmotifset covers
about 30%of the nucleotides in a collection of5000 humanexons, but together theycover47%,
only slightly less than wouldbe expectedif they wererandomlyassociared (~52%). Thus these
two conservativelyderivedsetsofESEsalready coverhalfof an average emn and thereareseveral
additionalmotif sets yet to bediscussed.
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Table3. Overlaps between motif seti

Motif Set Expected by Expected by Motif
Size PESEsl Chance' PESSSl Chance' Reference

RESCUE-ESE'" 238 74% 36% 11% 23% 45
FAS-hex385 103 10% 37% 54% 23% 87
Goren ESRS1 285 53% 44% 19% 21% 54

1 Percentageof the indicated hexamer set members that can be found within PESE or PESS octamers.
1 PESE, PESS:ref.44,asamendedathttp://www.columbia.edu/culbiologylfaculty/chasin/xz3/octamers.txt
J calculated by simulation. Goren ESRs based on 3721 allowed hexamers.

Exonic Splicing SUencers (ESSs)Predicted byComputation
Globalcomputationalsearches forESSmotifshave alsobeen carriedout. Sironiet al46 collected

a subsetofpseudo emns thatwas rich in predicted ESEsand then searchedfor overrepresented
hcxamersas candidatesfor ESSs. A second criterion, overabundancein pseudo erons compared
to sequencesflankingthe pseudoemns, was appliedto normalizefor possiblebasecompositional
differences between 'pseudo exon and emn regions. This second criterion also sharpened the
searchto make it test the hypothesisthatESSsfunction to prevent the splicingofpseudo emns,
asopposed to simplybeingavoided in real exons.Thewinning motifswereclusteredinto families
to generatethree consensussequences. One of the three ((TIG)G(TIA)GGGG ) reduced emn
inclusionabout five-fold in a functional assay. ThisG-rich motifwas overrepresentedin a test set

ofpseudo emns compared to real erons,
A large set ofputativeESSsemergedfrom our statisticalanalysis describedabovefor PESEs.41

By searchingfor oetamers thatwere underrepresented in realemns compared to both pseudo
emns and the 5' UTRs ofintronlcss genes,the influenceofcodonswas avoidedand the influence
ofother nonsplicingsignalsresidingin mRNA wasminimized.A set of974 PESSswas identified,
grouped into families and a sampling tested in functional assays. Eleven of 12 PESSsincreased
cxon skipping and single base mutations reversed this skipping. Sinecn of 58 cxonic splicing
mutations in the literature could be explainedbyPESSformation,a number comparableto those
that could be explainedbyPESEdismption .The PESSset representsabout 1.596 ofalloctamers,
ThesesequencesareveryT-rich (4796) and C-poor (Table2, column 9). PESSsare 3.5-foldmore
abundant in introns compared to cxonsoveralland show an additional increasejust downstream
of real 5'splicesites,suggestingthat they mayfunction to facilitate accurate recognitionofthe real
sites.They are also found at a higher frequency in the vicinity of pseudo cxons,suggestinga usc
in repressingfalse splicesites.The combination ofPESEs and PESSsincreases the discrimination
between realand pseudoemns: the ratio ofPESEs to PESSsin real cxonsis 5.5 asopposed to 0.6
for pseudo cxons.This difference has been used as a guide to suggestwhether a givensequenceis
a cxonor a pseudo cxon (e.g.,seeFig.6 in reference45). However, the frequencydistribution of
ESEsand ESSsin cxonsand pseudo cxonsoverlapconsiderably, makingthem lessthan a reliable
predictorofrealemns, A listofPESSsislocatedat http://www.columbia.cdulculbiology/faculty/
chasin/xz3/pcss262.txt .

Exonic Splicing Regulators (ESRs) Predicted byComputation
Yet another computational strategy to search for splicing regulatory motifs was devisedby

Gorenetal.47Rcasoningthat splicingsignalswouldbeboth conscrvedandabundant in cxons,they
ranked hcxamccs that stood out in these two respects.To get around the protein codingproblem
conservationwas scoredonly at synonymoussites.Overabundant hcxamccs werechosenasdlco-
dons that appeared more frequently than expected ifcodons were paired randomly; here again
only codons differingat synonymoussiteswerecompared so as to avoidthe influenceofprotein
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coding. Hexamerswith high scores for both criteriawere collected,resultingin a setof285 (7.7%
ofallhexamers considered)that representedthebestcombinationofscores.Tenofthesesequences
were tested in functional assays and most ofthesewere shownto either increase or decrease cxon
inclusion while none of nine control hcxamerswith low abundance and conservation scores
significandy affected splicing.One might havethought thata selectionbasedon abundanceand
conservation would favorESEs, but both enhancerand silencereffects wereobserved,depending
on the hcxamerand on the host cxon.Theauthorsfollowed up on this dichotomybyplacingeach
of two winning hexamersat 26 differentpositions within an 81 nt test cxon. Here again, both
enhancingand silencingresultswere obtained, this time dependent on position. Finally, when
fourwinninghemmersresidentin real cxonswere mutatedsoasto losetheir high score,amixture
of positiveand negativeeffects was observedwhile mutation of nonwinners had no effect.The
authors thus calledthese motifs ESRs,for eronic splicingregulators, sincetheir effects could be
either positiveor negativedependingon the context.They furthersuggested that putativeESEs
and ESSsidentifiedbyothersbut untested forapositioneffectshouldbe similarly regarded. Alist
ofallhcxamers surveyedand their scores in terms ofp-valucs for the significance oftheirdeviation
from mean frequencies can befound at http://www.tau.ac.il/~gilast/sup_mat7.htm.

Thehexamers selectedherewill be biasedtoward sequences that harbor synonymous codons,
Extremeexamples arehcxamersthat containa stopcodon aseither the firstor lastthree positions;
these375 hexamers arc removedfrom consideration.A secondlimitation is that the criteriaused
do not speci.6.caIly target splicingmotifsbut applyto anyfuncrion implicit in mRNA (transport,
stability. eec.), However, the fact remains thatgreatersplicingeffects were seenwith manyofthese
sequences comparedto controls.Someofthe substitutionsmade to test for splicingphenotypes
also causedsequencechangesin overlapping endogenous PESEor RESCUE-ESEmotifs (not
shown), an outcome that is not surprisinggiventhe coverage figures shownin Table1 and since
anyhexamersubstitution changes10overlappinghcxamcrs (or 13octamers),Nevertheless, there
were somanyESRstestedhereat somanydifferentpositions,that it is likelythat the ESRsetdocs
contain manynovelmotifs that affectsplicing.

An interestingideathat thisworkgives riseto is the possibilitythat the samemotif can act as
an enhancer in one context and a silencerin another.The efficacy ofsomeenhancersis known to
be dependent on the distancefrom a target splicesite. For example, the enhancementofsplicing
at the dsx3' splicesitehasbeenshownto drop offwhenESEsareplacedmore than 150to 200 nt
downseream/" On a chemical level, the abilityofan RSdomain to crosslinkto a splice sitealso falls
offat distances greater than 100nt.'9However,whiledecreasingefficiency, thesefarpositionings
do not reverse the effectof an enhancer. Individualnatural ESEshavealso beenshownto beable
to actnegatively when placedwithin an intronSOand there arcexamples in which asplicingfactor
actspositively at one splicesite and negatively at another (e.g••hnRNP H/F and SRrp8635) . or a
singlesequenceelementis a target for both positiveand negativefactors.51•53 One couldarguethat
there is a need for ESSs in cxonsin order to silence internal pseudosplicesites.But there are few
of these in constitutivecxons: summedpseudo 5' and 3' splicesitesnumbered less than 0.2 per
120nt ofcxon in a set of5000 examined(with a sizclimit of250 nt] and over80%ofcxons had
neither suchsite. (Exansthatcontain alternative5' or3' splicesitesobviouslyhavemorethan one
splicesiteper cxon,but theseshould beconsideredreal sites,not pseudosites.)

The cautionarynote sounded byGoren et alS4presentsa serious challenge, as there have been
few systematic studiesofthe effectofposition on motifs isolatedbyglobalsearches. For the most
part. however, experimentshavenot showna contesr-dependenteffecton activity. For example,
eightPESSsthat wereoriginallyfound to be effectivewhen insertedjustdownstreamofa 3' splice
sitein a first test cxonwereequallyeffective when insertedjustupstreamofa 5' splicein a second
test exon," ESSs isolatedbymolecularselectionsimilarlyacted consistentlyassilencers in several
different contexts.55 Still, in these studies position wasnot systematically variedwithin a single
context.Analysis ofnatural occurrences of splicingmotifsmaybe more relevantand heretoo, the
resultshaveso farbeen consistentwith prediction. For example, when we knockedout predicted
ESEsin a beta-globincxon 2, five of the sixdisruptionsdecreasedsplicingand the exceptiondid
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not significantly increase splicing. Ifsomeof the predictedESEs were really ESSs, aspredictedby
the ESRidea,someof the knockouts shouldhaveincreased splicing. Finally, almostallofa panel
ofhwnan mutationsaffcaingsplicingcanbeexplainedbythe disruptionofpredictedESEsor the
creationofpredictedESSs,56 in accordwith the expectedbehavior of the moti£ It ispossible that
thesemotifsfunction aspredictedwhen in their natural contextsbut that their normalaaivity
canbesubverted whencxperirnentallyplacedin ectopicpositions. An analogous result,knownas
transcriptional Interference, hasbeenseenwith cxperirnentally manipulatedpromoters."

Molecular Selections
Most molecular selections havetargeted ESEs. Almostall of these types of experiments arc

basedon the Systematic Evolution of Ligands byExponential Enrichment(SELEX), originally
designedto selectfor nucleicacid sequences that bind to a givenprotein or smallmolecule,"
SELEXhasbeenappliedin two ways: (1) determiningthe sequences that can be recognized by
a givenRNA binding protein (binding SELEX);and (2) isolating sequences that functionally
enhancesplicing (functionalSELEX).

Protein BinJingSELEX
In protein-bindingSELEX, acomplexpoolofRNAmoleculescontainingarandomizcdregion

8 to 20 nt longis incubatedwith apurifiedRNA-bindingprotein or domain.TheRNAsthatarc
bound bythe protein arc isolated, convertedto eDNA, amplified byPCR and then transcribed
into RNAforasubsequentroundof selection, Thisprocess isrepeatedseveral timesto enrichfor
RNAmolecules withhigh affinity forthe RNA bindingprotein. In thisway, the bindingspecifici-
tiesof several SRproteins,hnRNPsand other splicing factors have beendetermined.32.34.59-67 The
sequences arcthen analyzed to determinea consensus bindingsite(s).

The consensus motifs that haveemergedfrom these binding SELEXexperiments'" (refer
to chaptersby Lin and Fu,Martinez-Contreras et al, and Ule and Darndl) illustrate thateach
protein binds to adistinctsetofsequences but at the sametimecanrecognize a diverse repertoire
of sequences." Forinstance, Cavaloc et al63 sequenced over90 oligonucleotides bound bythe SR
protein SC35 and found five distinct consensuses. However, suchdegeneracy is not always the
case. Onlyasingle longconsensus was foundbyTacke andManleyin bindingSELEXexperiments
performedwithSRp40(re£66).Whymorethanoneconsensussequenceappears in manyof these
experiments is not clear. In cases of proteins with more than one RRM, it is possible that each
bindsadistinct sequence. Yet, whenSELEXwas appliedto a single RRMderivative ofASF/SF2,
the one resultingconsensus sequence differedfrom the two consensus sequences yieldedbythe
intact,wildtype protein.59Alternatively, asinglebindingsitemaybeendowedwithsomeflexibility
to accommodate a specific set of diffi:rcnt sequences,"A certaindichotomyin bindingbehavior
mightalsoberelatedto themultiplerolesSRproteinsplayin thesplldngprocese'" initialrecogni-
tion, cxondefinltion," spliceosome assemblf1,72 and perhapsthe catalytic stepsthemsdves.49.7>-75

(referto chapterbyLin and Fu fora moredetaileddescription of the functionsof SRproteinsin
splicing.) It is alsolikely that the diversity ofsequences recognized isrelatedto the faa that many
RNAbindingproteinsmustbind to proteincodingcmns.Thus, the rangeofsequence motifsthat
canexistin a givencxonis confinedbythe protein sequence encodedin that exon,

Theadvantage ofbinding SELEXexperiments isthat theyprobeand definethe bindingspeci-
ficityof a purifiedprotein, in the absence of possible interference byother faaors. As suchthey
providea valuable startingpoint in the interpretationof the rolesof SRproteins and the motifs
dictatingtheir action. On the other hand,SELEXmayidentifyRNA sequences that bind to any
surface of a purifiedprotein, not necessarily the natural RNA binding site and could therefore
includesequences that arcnot functionally relevantin a biological context.

FunctionalSEUX
In this strategy motifs that arc able to influence splicing activityarc selected. The iterative

isolation and amplification steps of SELEX arc used here to select for short sequences that,
when inserted into an exon,enhancepre-mRNAsplicing. In thesestudies, a pre-mRNApool is
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first synthesized that contains a weak test emn containing a localizedrandomized region.This
pre-mRNApool is usedin in vitro or in vivosplicingassays and the succcssful1y splicedmRNAs
are isolatedand amplifiedby RT-PCR. As with the binding SELEXexperiments, the winning
RNA sequences from the first round arerecycledthrough several additionalrounds,enrichingfor
RNA sequences thatbest enhancesplicing.

The first experiments of thiskind were carried out in vitrobyTian and KoIc.76 Theyround that
the winning sequences were quiteheterogeneous and couldbe divided into two classes: a majority
thatwere purine-rich. typically consisting of short runs of S-6purine nuclcotidcs and a significant
minority(lS% to 30%)thatwere not richin purincs.A1mostallofthe rctestcdsequences produced
efficient splicing, whereas only 1 in 10 of the unsclcctcd sequences promoted splicing. In a subse-
quent refinement ofthis procedure, shorter versions of the winning sequences were produced and
theseyieldeda less heterogeneous groupwith a consensus GACGAC...CAGCAG (thecorebeing
ofvariable length) thatwasshownto bind SRp30.77

Twolargerstudiesusedrandomsequences inserted into the secondemn ofa2-emn transcript
splicedinvitro.Liuet af7B-~selectedsequences that respondedto one offour differentSRproteins
byusingSloo extractsfor splicing. Theseextracts lackallSRproteins,but splicingactivitycanbe
restoredupon supplementationwith individualSRproteins.

Usingthisapproach.the authorsselected20-metsequences thatpromoted splicingin response
to SRp40.ASF/SF2,SC3SandSRpSS.Eachoftheseselectionsyieldeda consensus sequencethat
wasdistinctfrom theothers.However, therewas considerable hetcrogencitywithineachgroup,the
consensuses were oftenshort (Sto 8 nucleotides) andcontainedmanyambiguous positions.Some
ofthe degeneracy mightbeexplainedbyassigninga roleto the sequences flankingeachtest motif.
asnot allthe motifscouldpromotesplicingwhen testedon theirown.Nevertheless,it was possible
to assemble a PSSMfor each class of motifs and this Informadon has been incorporated into an
ESE searchingprogram "ESEfinder" (http://rulaLcshl.cdu/tools/ESE/) that scores sequences
for their ability to match each ofthe SR protein-specific consensuses/" High-scoringmotifs are
round at a significandyhigher&cquencywithinemns asopposedto introns,~.alalthough the dif-
fcrcnceismodest (10%-20%).Thesemotifsarealsomorestronglyassociated withwcakcompared
to strong3' splicesites.82

Thisexperimentalapproachwas refined in a later studythat focusedon motifsthatmediatethe
activityofASF/SF2.S6Hcrc, therandomoligomerpoolswere restrictedtocimer7or 14nucleotides
and wereused to replace a 7-nuclcotidenatural ESE inBRCAl cmn 18.In this construct, emn
18 waspresent as thecentralcmn of a 3-emn transcript,an internal emn situation that is more
commonly round in nature. Once again a degeneratethough obvious sequencepreferencewas
evidentfrom theseexperiments. Most ofthesesequences not onlyenhancedinclusionofBRCAl
cmn 18,but alsofunctioned in the heterologouscontext ofcmn 7 ofthe SMNl gene. A PSSM
was derivedusing not only the relative prevalenceofbascs at each position, but also, in a novd
approach,taking into account the degree to which eachsequenceenhancedsplicing. The PSSM
derivedfrom the 7 nt oligomers (consensus ofCCCCGCA) provedto be the better predictor of
enhancementthan the PSSMderivedfromthe 14nt oligomers. Thisconsensus differedfrom that
ofthe earlierderivedASF/SF2 consensus sequences (CACACGA) from the functionalSELEX
experimentemployinga 2-emn pre-mRNA and both of these consensus sequences differfrom
the consensus sequences (AGGACAGAGC and RGAAGAAC) derivedfrom binding SELEX
expedments,"Theauthorscombinedthe matrices fromthe two functionalselections and showed
that the resultingPSSM(with the consensus CGCACGA) wasableto predlce, with a statistically
significantfrequency, the outcome of a setofcmnic mutationsknownto affectsplicing.

Schaaland Maniatis83 took a slighdydifferentapproachto defining consensus sequences that
mediateSRprotein funerion.Asin the studybyLiu et al describedabove, they inserted random
oligomers into the second emn of a 2-emn transcript but assayed for splicing in vitro using
nuclearextracts instead ofS100 extracts. Sequences that enhancedsplicingwereidentifiedafter
multiplerounds ofselectionusingthe sameprocedureasin Liuet at Thewinningsequences were
subsequently screenedfor their abilityto respondto specific SRproteinsin S100extractsand the
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sequenceswen: grouped accordingro their response. Here again heterogeneity and distinctness
characterizedthe sequencesidentified.Most SRproteinsdisplayed somesequencepreferences but
in generalthese sequencesdo not match the Liu et al consensuses mentioned above,nor do they
match wcl1 with the results ofbinding SELEXexperiments.That different motifs emergefrom
thefunctional SELEXexperimentscould be due to theeffectof context, including the position
of the insert or substitution, or related to the another aspectof thetest ezon used. e.g.,smallsize,
mutational weakeningofsplicesites,natural weaknessof an alternativesplicesite,etc.

FunctionalSELEXfor splicingwas performed in vivobyCoulter et al,84who inserted random
14-mersinro apoorlysplicedsecondemn in a 2-c:mnconserucr.Afierseveralrounds ofselection
basedon transienttransfection,the winningclonesweresequenced.Thesefell inro threecategories,
purine-rich, adenine- plus cytosine-rich(ACE) and neither. Within the first two categories, the
identifiable motifswere quitedegenerate, AnACE motifin thehuman CD44genewas subsequently
shown ro act asan ESEand to be bOundby the nonSRprotein YB-I. 85 This last resultrepresentsa
cautionarytale: bytestingonly for responsiveness or binding to SRproteins, other,possiblymore
significant,mediators targeting the isolatedmotifs maybeoverlooked.

In an interestingvariation on the functional SELEXscheme,Woerful et al tested the activity
of-50 bp fragmentsoftheCD44mRNA in an enhancer-dependentexon in vitro.86About half
of the activesequencestested enhanced splicingand many of these mapped ro a specific region
within the CD44mRNA. Most ofthe sequencescontained a short AC-richmotifwhereas others
containedpurine-richruns.This starting materialwas quitelimitedcomparedro randomoligomers
and the fact that a restrictedsubsetofESEs was overrepresented suggests that thetest exon likely
hasa preferencefor particular ESEs.

ESS,
Wangeral87 usedan elegant geneticselectionroisolatesequences that couldcauseemn skipping

in vivo. When the central exonis included,it interrupts the readingframeofGFP; when skipped,
functional GFP is expressed, allowingthepositivecells to be isolatedbyFACS. .Afrc:r insertion of
a set of random decamers, 133 unique sequencespromoting GFP expressionwere isolatedfrom
thisscreen.Many of the most common hexamerscausedskipping in a heterologousexon.This
collectionof l03 common ESShezamersisknown asFAS-hex3. Byavoidingthe iterativeenrich-
ment processofSELEX, anysequencesthat inhibit splicingwereisolated,rather than only those
that havethe strongestESSactivity. FAS-hex3 sequencesare2-foldoverrepresentedin intronsvs.
exonsand areespeciallyoverrepresentedin exonicregionslocatedbetween alternative5'or 3' splice
sites.55Likethe computationallyselectedPESSs,they showapeak just upstreamand downstream
of3' and S' splicesites,perhaps to prevent neighboringpseudo sitesfrom bcingused. Mutation of
these sequencesin natural emns increasedthe useofthe proximalsitesand resulted in increased
exoninclusion,attcstingro the sUencingfunctionofthesesequences in natural alternativesplicing.
Alternativeintron retention eventswerealso inhibited byFAS-hex3sequences, oficn in favorof
skippingof the retained intron alongwith its flankingemns, Interestingly, FAS-hex3 sequences
that could inhibit intron retention by increasedskippingtended to be different from those that
actedro decreasethe useof an alternativesplicesite,suggestingthat differentESSsact via differ-
ent mechanisms.

ISE, anJISS,
Whereastherehasbeenc:nc:nsiveinvestigation oftheeffectofintronic sequences on thealterna-

tivesplicingofindividualgenes(e.g.,35,88-90),therehasbeen relativdylittle globalscarchingfor
intronicsplicingregularorymotifs.EarlystudiesbyNussinov" identifiedG-runsasoverrepresented
in introns ncar both the 3'and 5' ends of emns, Thiswork was extendedbyMcCullough et al92."
to show that these sequencescan enhance splicingat 5' splicesites byenhancing the binding of
U1 snRNP. Statisticalanalyses and comparativegenomicsshowed that intronic Hanks of emns
harbor short runs of G, C or T.43.94Evidence for a role of intronic Banks in splicingregulation
comes from the finding that the Banks of alternativdy spliced exons are more conserved than
those ofconstitutivec:mns.6,95
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Subsetsofthe genomehave beensearchedfor ISE motifs.Statisticalanalysis ofsequences at
the endsofshort inttons in severaldifferentorganismsproducedpentamersthat couldbeusedto
enhancethe accuracyofsplice siteprediction in suchinttons.w; Forhumans,8 ofthe 10 top pen-
tamerswererichin G-triplets.Individualmotifshavealso beensttonglyassociatedwith alternative
splicingin the brain. Brain-specific ISE and ISScandidate motifswereidentifiedstatistically by
analyzing25 brain-specific alternatively splicedcmns97; in contrast to inttons overall,G-triplets
wereunderrepresenteddownstreamof these exons, One of the ISE sequences, UGCAUG, was
subsequentlyshownto bindtheFox-IandFox-2splicingfactors andto beassociatedwithregulated
alternativesplicingin differenttissues, includingbrain and musclein a number of Species.98-I02 A
downstreaminttonic G-tetramermotifwas found to beassociatedwith cmn-skippingin alterna-
tivelysplicedcmns in the brainbyHanetaland, interestingly, thiselementwasshownto function
in conjunction with an cmnic UAGG to effectsilencing.103

Our own laboratoryhasused machine learning to assess whether information for splicesite
recognitionispresentinsequencesHankingconstitutivecmns.12A supportveetormachine(SVM)
found that sequences residingwithin -50 basesof the splicesitescanhelp distinguishreal exons
from pseudo cmns and identified overrepresented (ISE candidates) or underrepresented (ISS
candidates)pentamericmotifsthat best aided the distinction.Theseincludedsomenovelmotifs
aswdls as G-triplets mentioned aboveand, despite its degeneracy, branchpoint-likesequences,
with a clear peak 24 nt upstreamof the 3' splicesites.Thiswork wasfollowed up by a statistical
test for pentamers overrepresented in human cmn Hanks compared to pseudo cmns Hanks.104

A conservationfilter was also applied here: only those pentamers that werealsopresent within
a 50 nucdeotide region Banking the orthologous mouseexonswere retained. The resulting ISE
candidatesfell into two distinct groupsbasedon G + C content.A surveyofl00,000constitutive
cmns showedthat their 50-nt Hanks in generalfell into distinct GC-rich or GC-poor categories;
remarkably, the extent ofthisdichotomywasmuch greaterthat that exhibitedbythe host genes
overall(i.e•• due to residence in a particular isochore).Thus the factorsthat recognize theseputa-
tiveISEsareprobablydifferentfor GC-rich genesandAT-richgenes.leavingopen the possibility
that distinct mechanisms operate for these two gene classes. The GC-rich cmns differed from
the AT-richcmns in other ways: the GC-rich ISEstended to havea complementaryISE in the
opposite Bankwhereasthe AT-richISEstended to havethe sameISE in the opposite Bankand
predicted basepairingbetween the Banks and the cmn tended to beavoidedfor GC-rich erons
but not for AT-richexons.

Although our predicted ISE/S motifswerenot specifically tested,we did show that intronic
sequences are often important for efficientsplicing.104 Specifically. we found that splicingofan
cmn isofteninefficientwhen it isnot Bankedbythe 50 nt intronic sequencebeyondits splicesite
sequence(Le., - 63 to -14 and +7 to +56). In addition, two ofthree cmns lackingtheir Banking
intronsexhibiteddecreasedor aberrant splicingwhenmovedto ectopicpositionswithin the same
intton. Thesestudiesshowthat intronie sequences proximalto cmns contribute to splicesite rec-
ognition in an cmn-specific manner.The interplaybetweenexoniedements and presumedISEs
could also beseenin our test ofnatural PESEs. In transcripts (from theHBB-2and THBS4-13)
tested for ESEsbymutationalanalysis, the wildtype cmns exhibited50%to 80%inclusionwhen
their Hankinginttoniesequences wereremoved; in thissituation,the removalofanyoneofseveral
PESEsreducedinclusionseveral-fold. However, ifthe flankinginttonie sequences wereretained,
splicingwas refractory to such singlePESE knockouts," A similar interaction wasseen with a
PESSknockout, the mutated cmn in this casesheddingits intton Hank requirement (X. Zhang,
unpublished result).

FunctionalSELEXfor Splice Site Sequences
Branchpoint sequences are activeparticipants in catalysis rather thanISEs,but they do pres-

ent an analogoustension between specificity and degeneracy. FunctionalSELEXhasalso been
used for the selection of effective branchpoint sequences. After sevenrounds of sdection at a
fixedposition the consensus that emergedwasTACTAAC,105 which can optimallypairwith U2
snRNA.However, whenonlyasingleround ofselectionwascarriedout. awidevarietyofeffective
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sequences werefound, manywith only3 to 5basescapableofpairingwith U2 snRNA.105.1D6 Ifthe
starting transcript hada weakpolypyrimidine tract, or ifan ESEwas removed, a better match to
U2 snRNA was selected,another indication that a balanceofcompensatoryfactorsdetermines
a splicingoutcome.

FunctionalSELEXhas alsobeenusedto definesplicesitesequences, includingthe polypyrimi-
dine traet.I05•I07 Here again, multiple rounds ofselectionconverged on the consensus sequences
and so no additional insight was providedinto how exonswith weak splicesitesare recognized.
Interestingly, the 5' splicesite consensus was also selectedin extracts lacking the Ul snRNA 5'
end,l07 suggesting that this sequencemay be recognized by protein components as well as by
RNA-RNA hybridization.

Comparison ofComputationally Predicted and Functional SELEX
Selected Exonic Motifs

Asshownin Table3,RESCUE-ESEs showconsiderableoverlapwith PESEsand avoidoverlap
with PESSs. Similarly, fas3-hc:x3 silencersoverlapwith PESSs andavoidPESEs.GorenESRs, which
exhibit either enhancer or silenceractivities, overlapless with PESEsand not significantly with
PESSs (Table3).Thuseachset containscommonanduniqueInformadon,Incontrast,ESEsdefined
byfunctionalSELEX56.76-79,83 appearquitedistinctfromtheircomputationally-derived ESEs.These
differences canbe seenat the levelofbasecompositionand particularlyin CpG content,which is
remarkably high in SELEXwinnersobtained in four differentlaboratories(Table2,columns5to
9). BindingSELEXmotifsalsousually differfromor showonlyweaksimilarities to thoseyielded
byfunctionalSELEX,68 althoughcertainoftheformeralsodisplayahighCpG content.63.66 Given
themethylatedstatus ofmostCpGsin genomicDNA, oneis tempted to speculateon connections
to transcription:the slowingofttanscriptionalelongationat methylatedCpGsI08mayprovidetime
fur the reloadingofsplicingfactorsonto the C-terminal domain (err» of RNA polymerase,Ill'}
aswell as increasedtime fur the association offactorswith weak splicingsignals independent of
anyassociation with the CTD (refer to chapterbyKomblihrr),

One way to compare computationallyderived motifs with those obtained from functional
SELEXis to useESEfinder, a Web-based program80 thatscores sequences usinga PSSMderived
from motifsselectedfur responsiveness to fourdifferentSRproteins.78•79 About 40% ofthe PESE
oetamerscontain sequences that fall abovethe threshold fur at leastone of the four SRproteins,
a proportion thatis not unreasonable given thatPESEspresumablyincludebinding sitesfur all
SRproteins whereasESEfindercovers only four,However, 28%ofa random set ofoctamersalso
achieves thisrather undemanding benchmark.ASF/SF2 motifs werethe most common among
PESEsat 15%.Lookingmore directlyfur overlaps, Wanget al alsoconcluded that there was no
significantoverlapbetweenESEfindermotifsand RESCUE-ESES or PESEs, with the exception
of ASF/SF2 motifswith PESEs.81

An Embarrassment ofRiches?
The multi-pronged globalattacks on definingsplicingregulatory motifs summarizedabove

havepromoted optimism that the "splicing code" maysoon be solved.l1O,111At thismoment how-
ever, the number ofeffective motifs that have been experimentally definedor predicted mayhave
reachedthe point ofdiminishingreturns. The useoffour computationallyselectedsetsof ESEs
and one genetically selectedsetofESSscovers about three-quartersof thenucleotidesin a typical
exon(Table1). Moreover, there is no reasonto think that allESEsand ESSs havebeen identified.
While it is probablytrue that someofthe predicted but untested ESEcandidares will turn out to
be inactive, it is evenmore certain thatmanymore as yet unidentifiedmotifswill haveenhancer
activity. Thesemotifsareto befound in the sequencespacebelowthe conservative thresholdsthat
havebeen usedin selectingpredicted ESEs. Hard evidence fur such newsequences can be found
in the testsofthe predicted sequences. Thespecificity ofboth RESCUE-ESEs and PESEswas as-
sessed bymutating the predicted enhancerto asequencethat did not scorehighly. In almostevery
case, the predicted decreasein splicingwas indeed observed.But in halfthese tests the decrease
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was modest, with more than 50%ofthe enhancer activityremainingand a several fold splicing
enhancementwas stillinevidence.39AIThus the percentage ofsequencespaceassignedto ESEsin
these two studiesmust undoubtedly be increasedbyat least 5096 and probablymore. Stadleret
alm havenowformalizedasearchfuradditionalESEsand ESSs bydevelopinganalgorithm,called
Neighborhood Inference, that searches fur newESEson thebasisofsequencesimilarityto known
ESEsand dissimilarityfrom ESSs andviceversa.A sampleofhigh-scoringhexamers identifiedby
this algorithm proved to act as ESEsor ESSs as predicted.The authors concludethat the list of
splicingregulatorymotifs is much greaterthan previously thought.

An unreported reservoir of ESEsis also evident in most SELEXexperiments. For example
of the 28 ASF/SF2-responsive heptamer motifs isolated in a functional selection, no two were
identical.56A repeat ofthisexperimentwould thereforebeexpectedto turn up manyadditional
unique heptamers.

The extensiveness of the ESE list results in a ubiquity of these elements. Although present
at lowerdensities in introns than in emns, computationallydefined ESEsnevertheless heavily
populate pseudo exons(Table1. column 9). and ESEspredicted byfunctional SELEXoccur in
introns at about 8096 to 9096 of the level found in exans.81WhUefrom a strictlybioinfurmatics
point ofviewone can takesolace in the highstatisticalsignificance of thesedifferences. the fact
remains that the overaII differences aremodest. Thuswe areonce againchaIlenged with figuring
out how.in the faceofthisrichness of signals. the celldistinguishes realsplicesitesfrom pseudo
sites and realemns from pseudoemns, Thispresent situation hasengenderedthe lessoptimistic
viewthat we haveindeed reacheda point "righton the edge ofchaos"113

One consequenceoftheprevalenceofsplicingmotifsis technical:onemustbecareful in draw-
ingconclusionsfrommutationalperturbationsofpre-mRNAsequences.A singlebasechangecan
impinge on manypossibleresidentmotifs; and insertions,deletionsand new junctions increase
the number ofcollaterally emergentsequences considerably. It maybe necessary to tum to very
simpleexonsor to aim at easily characterized or isolatedregionsto minimizeambiguity in the
results.Itwillalso beprudent to takethis accumulated listofESEsinto accountwhen interpreting
the result ofanyselectionexperiment(computationalor SELEXbased).An examinationofthe
resultsof three types ofESEs (sequences underlyingESEfinder, binding SR proteins or discov-
ered in individualgenes)showedthree-quarters to be populated by at least one RESCUE-ESE
or PESE (data not shown). The second consequence is conceptual.How can we explainhow so
manysequences canact togetherto producethe binarydecisionthat is madefor the greatmajority
of exans?How can the perceivedmodestyet realdifferences in ESE and ESSdensities between
emns and pseudo erons be leveraged to produce that binary decision? To saythat it involves a
"balanceofcombinatorialfactors"is not much better than sayingthat it depends on "context~ in
that it describes the situationwe seewithout reallyexplainingit.

One easywayout is to invokesecondarystructureactingto "present" someof these motifsbut
not others(e.g.•asloops:seeref 114)orto masksomemotifsandnot others(e.g, seeref lIS).One
technicalprobleminevaluatingtheroleofsecondarystructureon thesplicingofnaturalemns is that
we do not reaIIy knowhow transeriptsmid in vivo.In particular. manyconformations that would
beconsideredtoo unstableto contribute to predicted equilibriumstructurescould be kinetically
trapped duringtranscriptionand last long enough to influence splicingoutcomes. h is clearthat
secondarystructuresdo playrolein manysplicingdecisions (reviewed in ref 116)(refer to chapter
byPackand Gravdey) but whetherthisinfluence ispervasive is not yetclear.Ifsecondarystructure
is not invokedthen we need modelsthat seek to explainwhyso manyESEs arepresent.

It is reasonable to think that themajorityof these splicingmotifs are playinga role in cmn
definition.l7.l8 The main feature of thismodel is that both ends of an cmn must be recognized
beforesplicingat eitherend can occur.Theimpliedcommunicationbetweenthe two endsofthe
cmn could be realizedviaa bridgeof proteins.eacha necessary linkin a How ofinfurmation me-
diated bya series ofallosterictransitions.Thisis a rather complicatedmodelbut does explainthe
necessityofmultiple ESEsto construct thisbridge.Moreover. a fitting combinationofproteins
maybeneededto ensurepropersignalpropagation.although thisneed not beauniqueassemblage
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(Fig. 2A). Consistent with thismodel is the findingthat differentpre-mRNAmolecules associ-
ate with differentsets of nuclearproteins.U?Arguments againstsuch a model are that random
sequences can be insertedinto cmns ofienwithout dire consequences. Thusinsertionof bacterial
sequences from 100118to 1000119nucleotides longinto the centralcmn of a3-exonconstructdid
not impairsplicingdespitethe probabilitythat theydo not havehighdensitiesofESEs.Although
wefound that one-third of a randomlychosenset ofhuman genomicsequences of about 100 nt
decrcascdsplicingwhen inserted into anemn, theother two-thirds had littlecffcct.118An argument
againsta requirementfor specific proteinsliesin the fact: that insertionof anyof a widevarietyof
predicted ESEsequences canenhancethe splicingof a crippledcmn.39.41.112 Indeedit shouldnot
be necessary to invokea continuousbridgefor the two endsof an emn to communicate in cmn
definition:an ESEat eachend couldsuffice to recruit splicingfactorsthat couldthen interact by
simplyforminga loop (Fig.2B).

An alternative modd that necessitates largenumbersofESEs puts the emphasis on ESSs. If
ESSsarefairlycommon and ifthe binding of an inhibitory factor to a singleESSissufficient to
inhibit splicingl2O,12l then it maybeneccssarytohaveenoughESEs percmn to preventevenasingle
silencing protein from binding (Fig. 2C-E).Ifthere arc no ESSs this isnot a problem asmaybe
the caseofthe bacterialinserts mentionedabove. But theprotein codingrequirementsof the ezon
maynot allowthe completeexclusion ofESSs,and thesesequence dements mayhaveadditional
downstream rolesevenin constitutivdy splicedemns, such as in translation.m.m Furthermore,
splicinginhibitorssuchashnRNP Al canundergomultimcrization leadingto cooperative bind-
ingl24with the consequentdisplacement of manymoredistant ESEbindingfact:ors (Fig.2F-H).
Extensive coverage of the emn with ESEs and their binding factors mayprevent proteins like
hnRNP Al from gaininga foothold.The ESEin the immunoglobulin M2 emn acts in thisway
bydismpting the association ofPTB with an ESS.u° Ofcourseneither of theseanti-ESS models
excludes a positiverolefor other ESEsin promotingsplicing at the sametime.

It is possible that ESSs providemore of the information for discriminating real cmns from
pseudocmns than ESEs (fora reviewseeref. 46). Ascanbeseenin TableI, RESCUE-ESEs plus
PESEs arc about 60%more abundant in realcmns thanpseudoexons, but PESSs and FAS-hc:x3
silencers arc2-foldmoreabundant inpseudocmns thanreal exons, Therearcnowseveralexamples

(~i)
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Figure 2. Models incorporating a role for extens ive exon coverage in exon definition. Thick
lines, exons; thin lines, introns; E, enhancer binding prote ins; 5, silencer binding proteins,
rectangle and oval, spliceosomal or prespliceosomal complexes. A) A bridge of proteins is
required in order to sense that both ends of the exon have been recognized as splice sites.
Complete exon coverage is requ ired for efficient transmission of this information via alloste-
ric transitions. B)The opposite case, in wh ich enhancers help recruit splicing factors to the
splice sites and then interact with each other directly to convey the information that both
sites have been recognized. C) A single silencer disrupting the interaction in B, so that splic-
ing does not occur and the exon is skipped. D) Even if many splicing activators are bound to
many enhancers, the binding of a single inhibitory protein to an available silencer can still
inhibit splicing. E) Coverage of the exon is extensive enough for steric hindrance to prevent
the bind ing of even a single silencer protein. F-H) Despite many enhancers, leaving a single
silencer uriobstructed allows binding by an inhibitory protein (e.g., hnRNP A1). Once bound,
the inhibitory protein multimerizes, leading to the displacement of splicing factors .
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ofintronicmutationsthatcreate newcxonsapparentlybytheinactivationofsUenccrselements (e.g.•
seeref 125). Sucheventshaveled to the cxonization ofAlu sequcncesl26 and couldunderliethe
evolutionofnewgenes in general17.7Thereislittledoubt that ESSs can playa rolein the silencing
of pseudocxons, but whetherthismechanism represents a globalrolehasnot been established.

1heFuture
Structure determinesfunctioninbiologyandthestructure ofRNAwithinanRNP isultimately

dictatedbyitssequence.WhatproteinsbindtowhatRNAs,121howthepositionandorderofmotifs
influence fuetorbindingand splicing and howpositiveand negative intron sequences factor into
the equation arc allquestions thatare approachable experimentally. Answers to thesequestions
will help moveus fromlists to mechanisms. Frombioinformatics we can expectyet moreglobal
informationdefiningISEsand ISSs as wdl as rdining ESEs and ESSs. Relationships between
motifs (e.g., sec rc£103) and betweenmotifs and expressed splicing fuetors129-131 arc beginning
to be revealed usingcombinedcomputational and molecular approaches. The problemof how
the cellintegrates informationfroma large setof overlappingsignals is not uniqueto splicing. In
transcriptional regulationthechoiceof truepromotersfromamongpseudosignals hasparalldsin
theidentificationoftrue splicesites, andeventhecdlulardecisions thatarc madeduringembryonic
development arc somewhat analogous in that slightdifferences in a morphogenetic gradientarc
amplified to produceabinaryresponse. Forsplicingwe nowknowmanyoftheplayers, anecessary
stepin order to decipherthe rulesofthe game.
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CHAPTER 7

SR Proteins and Related Factors
in Alternative Splicing
Shengrong Lin and Xiang-Dong Fu"

Abstract

SRproteins are afamilyofRNAbindingproteins thatcontain asignature RS domain enriched
with serine/arginine repeats.The RS domain is also round in many other proteins.which are
collectively referred to as SR-related proteins. Several prototypical SR proteins are essential

splldngfactors, but the majorityofRS domain-containingfaetors are characterizc:dby their ability
to alter splice site selection in vitro or in transfecred cells. SR proteins and SR-rdated proteins are
generally believed to modulate splice site selection via RNA recognition motif-mediated bind-
ing to exonic splicing enhancers and RS domain-mediated protein-protein and protein-RNA
Interactions during spliceosome assembly. However, the biological funaion of individual RS
domain-containing splicing regulators is complex because of redundant as wdl as competitive
functions, context-dependent effects and regulation by cotranscriptional and post-translational
events. This chapter willfocus on our current mechanistic understanding ofalternative splicing
regulation by SR proteins and SR-related proteins and will discuss some of the questions that
remain to be addressed in future research.

Introduction
SR proteins were discovered in the early 1990s by the identification offactors associated with

purified spliceosomes.P bythe purification ofcritical non-snRNP splicing aaivities in constitu-
tive and alternative splicing,l-<i and by the analysisofcomponents ofa nuclear body that could be
selectivelyprecipitated with Mg++? Byvirtue ofits ability to complement splicing-deficient Sloo
cytoplasmic c:maets from HeLa cellsand to stimulate splicesite switchingin HeLa nuclearc:maets,
SF2/ASF was the first SR protein shown to havedual roles in constitutive and alternative splic-
ing.3A.6.81his observation wasquickly extended to otherSRproteins.~llTheS100 complementation
and splice site switch assayshave since become standard functional tests for SR proteins isolated
from higher eukaryotic organisms .

Sequence analysis has revealed that SR protein family members consist ofone or two RNA
recognition motifs and a signature RS domain enriched with serine/arginine repeats}2.13These
structural features have been commonly used to classify SR proteins. Clearly, not allSR proteins
behave likeprototypical SR proteins. For example, a subsethave different fraaionation proper-
ties and/or are not sufficient to complement Sloo extracts. In addition, several new SR protein
family members exhibit aaivities in both constitutive and alternative splicing that are opposite
to those possessed by prototypical SR proteins. Because of the functional diversity among SR
proteins, we propose to define SR proteins based on their common structural features includ-
ing at least one RNA recognition motif and an RS domain. Using this classification, several RS
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domain-containing RNA bindingproteins. includinghumanTRA2~ and RNPSI. can now be
classified asSRproteins (Table 1).

In addition ro SRproteins.manyother splicingfactors containan RSdomain.Theseproteins
arc collectivcly referred to as SR-rclatcd proteins,'! In mammalian cells. SR-rdated proteins
includeother RNA bindingproteins.such asboth subunitsof theU2AF heterodimer, the U1
snRNP specific protein UI -70K and various enzymes. includingseveral ATPases involved in
RNA rearrangement within the spliceosome'>" (Table 1). It is generally thought that the RS
domainsin SRproteinsandSR-rclatcdsplicingfactors facilitate spliceosome assemblybymediat-
ingprotein-proteininteractions.I'However. recentstudieshaverevealed direct bindingof theRS
domainto criticalsplicing signals in pre-mRNAtranscripts.20,21

Interestingly. budding yeastexpress a few RNA binding proteins that structurally resemble
SR proteinsP However. there is no direct evidence that theseproteinsarcessential pre-mRNA
processing factors in this organism and it is interesting to note in this context that -5% of the
genes in buddingyeastcontaina single intron and alternative splicing is rare.Therefore. splicing
can take placein the absence of SRproteins. whichbegs thequestionas to whySRproteinsarc
essential splicing factorsin highercukaryotic cells, Thedifferential requirement fur SRproteins
in yeastand higher cukaryotic cells probablyreflects the fact that the splicing signals in yeast
pre-mRNAs arcessentially invariant. whereas thosein mammals arcdiverse. Thus.the RSdomain
in SRproteins mayfunction to strengthenthe recognition of weak splicing signals. as hasbeen

Table 1. SRproteins and SR-related splicingregulators

Classification Factors KeyDomains

ClassicSR SRp20,' SF2/ASF,' SC35,' 9G8,4 One or two
Proteins SRp40,5 SRpSSlBS2,' SRp757 RRMs plus an

RS domain
Additional hTRA2a,8 hTRA2Il,' RNPS1,'o One or two
SRproteins SRp38,l1 SRp30c,12 p54,13 RRMs plus an

SRrp35,14 SRrp53,15 SRp86" RS domain

RNA binding U2AF65,17 U2AF35,'8 Urp,' RRM, PWI
SRrelated HCC1/CAPER,'o Ul-70K," domain, Zn
factors hSWAp'22 Pinin,'3 Sipl," fingerplus an

SR-Al ,25 ZNF265,26 SRm160,27 RS domain
SRm300,""

Enzymesand hPRP5,29 hPRP16,'o DEAH box,
regulators Prp22/HRH1,31 US-lOOK! kinase domains,
carrying an hPRP28,32 C1kSty-l,33 2,34 3,'5 peptidyl-prolyl
RS domain CLASP," Prp4K,'7 isomerase

CrkRSlCRK7/CDK12,38 domain
CDC2L5,39 CCNL1,40 CCNL2,41
SR-cyp,42

Functions

Constitutiveand
alternative splicing

Positiveand
negative regulation
of alternative
splicing
Splicingfactors or
co-activators

Spliceosome
rearrangement and
modificationof
splicingfactors

Keyliterature informationand protein sequence for each gene can be found by individual NCBI ac-
cession number: 'NP_003008 2NP_008855 3NP_003007 4NP_001026854 5NP_008856 'NP_006266
7NP_OOS617 8NP_037425 'NP_004584 ,oNP_542161 llNP_473357 12NP_003760 13NP_004759
14NP_542781 15NP_057709 "NP_631907 17NP_009210 '8NP_006749 19NP_005080 2°NP_909122
21NP_003080 22NP_008987 23NP_002678 24NP_004710 25NP_067051 2'NP_976225 27NP_005830
28NP_057417 29NP_055644 30NP_054722 31NP_004932 32NP_004809 33NP_004062 34NP_003984
35NP_003983 36NP_008987 37NP_003904 38NP_057591 3'NP_003709 4ONP_064703 41NP_112l99
42NP_004783
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recentlydocumented.n In addition, SR proteins are criticalfor pairing complexes assembled on
the S' and 3' splice sites.Thisfunctional requirement may not be critical for splicingin yeast,
where introns are relatively short and the communicationbetween splicesites may not require
RS domain-mediatedinteractionsduring splicingassembly.

The Role ofSR Proteins in Splice Site Selection
Prototypical SR proteins. such as SC3S, SF2/ASF and 9G8. are required to initiate spli-

ceosomeassembly in nuclear extracts. Thisearly function of SR proteins is mediated by their
sequence-specificbinding to cis-actingdements. which aremostlylocated in emns andfunction-
allycharacterizedasexonicsplicingenhancers (ESEs). The binding specificityofindividualSR
proteins has been experimentallydefined using a technique called SELEX, based either on in
vitro bindintf4.25 or on the functional consequenceof in vitro splicing.26-28The ESEscharacter-
ized to date havebeen used to developan ESE-finderprogram" to assistwith the identification
ofpotential cis-actingregulatory dements in pre-mRNAs.While the program isa usefulguide
for searchingfor cis-actingregulatory dements in variouspre-mRNAs,the information derived
is prcliminary for severalreasons. First. similar analyses have not been extended to other SR
proteins. Second,manyESEsmayberecognizedbynon-SRproteins.Third, somecomplexESEs
may require the action ofmore than one RS domain-containing splicingfactor, as observedin
the Drosophiladoublesex pre-mRNA.30.31 Consequently,thevastmajorityofcomputationallyde-
ducedand/or experimentallyverifiedESEsremainto becharacterizedwith regardsto the specific
trans-actingfactorsinvolved.32-36 Furthermore,it isunclearasto whySRproteinsgenerallydo not
bind to intronic sequencesthat resembleESEs.An interestingpossibilityis that SRproteins may
bind to all potential sites in an initial scanning mode before stabilization at specific functional
ESEsvia their interactions with other splicingfactors that promote spliceosomeassembly.

Twonon-exclusive modelshavebeenproposedto explain thefunctionalconsequenceofinitial
SRprotein bindingto an ESE(Fig. I).One modelemphasizes theeffectofESE-boundSRproteins
on the recruitmentandstabilizationofadditionalsplicingfactors. suchasUI at the 5'splice site37-39

and the U2AF complexat the3' splicesite.40-43 Both SRproteinsand RSdomain-containingsplic-
ingco-activators havebeen implicatedin promoting communicationbetweenthe 5' and 3' splice
sites.44-49The secondmodel stresses the roleofESE-bound SRproteins in preventingor displac-
ing other RNA binding proteins, such as hnRNP AI, from binding at ezonic splicingsilencers
(ESSs).so.51Thesc two mechanisms arelikelyoperatingina synergistic fashionto favorspliceosome
assembly on functional splicesites.

TheearlyfunctionofSR proteinsin splicesiterecognitionisprobablysimUar inboth constitutive
and alternative splicing. Basedon in vitro analysis ofseveralprototypicalSRproteinsin alternative
splicing,bindingofSRproteinspromotesthe selectionofproximalsitesoverdistalonesin alterna-
tive5' or 3' splicesite choices.B.9's2.S3In such processes, splicesite selectionmaybe dictated by the
intrinsicstrength ofthe competingsplicesitesand/or the frequencyofcompetingexonicsplicing
silencer(ESS) sequences.t'SRprotein bindingmayenhancecomplexassembly on both strongand
weaksplicesitesto makethemequallycompetitive.55The proximalsite is then selectedbecauseof
the insulatingfunction ofSRproteins, allowingthe closest pair ofsplicesitesto be linkedin later
spliceosome assemblyevents'" (Fig.I ).1his insulatingfunctionmayplayacriticalroleinpreventing
emn skippingduring the removalof multipleintrons in apre-mRNAtranscript.

The abilityofSR proteins to bind RNA is essentialfor the activityofSRproteins in both con-
stitutiveand alternativesplicing.57-S9 In contrast, the RSdomain seems to be important for consti-
tutive splicing,but dispensable in alternativesplicing.at leastfor the smallnumberofpre-mRNA
substrates analyzed.58,60The reasonwhythe RSdomain isnot requiredforalternativesplicingis not
completelyunderstood. It ispossiblethat SRproteins lackingthe RSdomain maybe sufficient to
competewith the binding of negativesplicingfactors to adjacentsplicingsilencersequences.50-51
Giventhe fact that the dispensabilityofthe RSdomain in alternativesplicinghasonlybeentested
with alimited numberofalternativesplicingsubstrates, it remainspossiblethatccrtain alternative
splicingeventsmayrequire the domain to promote the selectionofweak splicesites.
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A. Role of SR proteins in splice site recognition

3' splice site ESE

B. Insulating function of SR proteins in splice site communication

5' splice site 1 3' splice site 1 3' splice site 2

Figure1. RoleofSRproteins insplice siteselection. A)An ESE-bound SRprotein maystimulate
complex assemblyat a nearby functional splice site and/or antagonize the negativeeffectofan
hnRNPprotein on spliceosome assembly. B) Aninsulatingfunction ofSRproteins maypromote
the selection of the proximalsplice site and prevent the use of the distal splice site.

SR Proteins Modulate Alternative Splicing in Both Ways
As described above. SR proteins seem to promote exon inclusion and the selection of

inrron-proximal splicesitesoverdistalones. However. further studiesindicate that diffcrcntSR
proteins mayinfluencesplicesiteselectionin both positiveand negativefashions. Threedistinct
mechanisms by which SR proteins negativdy modulate splicesite selectionhavebeen reported
in the literature (Fig.2). SRproteinsmayrecognizesomeintronic sequences that resemble ESEs.
therefore resulting in the activationof an intronic etyptic splicesite at the c:xpc:nsc ofa native
splicesite61 (Fig.2A). Mechanistically. this mode ofnegative regulationis similarto the activity
ofSR proteins in promoting the selectionofa proximal,weaksplicesite in competition with a
strong. distalone.

SRproteinsmaybeactivdyinvolvcdinsuppressingsplice sitesinasubstrate-dependent manner.
Thiswas observedin SRknockoutcardiomyocytes.where loss ofSF2/ASFinducedexoninclusion
in thealternativdysplicedCaMKllli gme.62While the direct effectofSRproteins in CaMKIlli
exonskippingcventremains to beconfirmedbyinvitroanalysis. amorerecentstudydemonstrated
thatSF2/ASFactedon an ESEto promote ezon skippingin theRon proto-oncogene.63Similarly.
SRp30cwas found to suppresssplicesiteselectionofan alternativeexonin thehnRNP Al gene.64

While the mechanismfor theseSRprotein-dependent exonskippingeventsremains elusive, the
phenomenon mayberelatedto anumberofearlierobservationsthat differentSRproteinsappear
to haveopposite effects on regulatedsplicing.6S-69 In thesecases. differentSRproteins mayacton
their respective cis-acting dements to antagonizeeachother. therebyinfluencingthe finalchoice
of alternativesplicesites.The oppositeeffects observedwith diffcrcntSRproteins maybedue to
the possibilitythat someSRproteinsaremoreproductivein promoting splicesiteselectionthan
others. such that lessproductiveSRproteins mayinterferewith productiveones in a competitive
manner (Fig.2B). Furthermore,it was recentlyshown that the positiveand negative effects may
bealsorelated to the locationofSRprotein bindingsitewith respectto splicesites.70
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A. Inhibition of downstream 3' splice site recognition
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Cryptic 3' splice site 3' splice site

B. Interference between weak and strong SR proteins

r

3' splice site S' splice site

C. Competition between positive and negative SR proteins

3' splice site

<..

SR1,
...........

S' splice site

~

Figure 2. Positive and negative effects of SR proteins on splice site selection. A)An SR protein
may bind to an intronic sequence resembling an ESE, thereby activating an upstream cryptic
3' splice site and inhibiting the use of the normal , downstream 3' splice site. B)The function
of an ESE-bound SR protein (SR2) may be blocked by another ESE-bound SR prote in with a
weaker activ ity in splicing activation. C) The same cis-acting ESE may be recognized by both
positive and negative SR proteins.

Asidefrom the substrate-dependent effects of typicalSRproteins, someSRproteins appear
to only function in splicingin a negative fashion (Fig.zc).The best characterized example is
SRp86,whichappearsto antagonizetypicalSRproteins in splicesitesdection.71'73 Likewise, the
SR protein pS4, which was initiallyidentifiedas a U2AF65-interacting protein, promotes the
selectionofanintron-distalsplicesitein the EIA pre-mRNA.'4In arecentfunctionalscreenusing
a tau-basedalternativesplicingreporter,pS4 was found to competewith hTRA2Pfor binding to
an ESEand to promote exon sklpplng." Joining this list of "negative" SR proteins are two new
SR-relatedRNA bindingproteins,SRrp35and SRrp40(alsoknownasNSSR,TASRor SRp38),
which should be classified as SRproteins." SRp38was isolatedas an alternative splicingregula-
tor in several independent studies.'6-7lI Interestingly, SRp38normallyseems to havelittle activity
in splicing. However. following heat shockand during cellmitosis.dephosphorylation of the RS
domain of SRp38resultsin a stronginhibitory effecton splicing.Bll.81 However. when the RSdo-
main of SRp38waslinked to an MS2bindingsiteor to the RNA recognitionmotif (RRM) of a
typicalSRprotein. the hybridprotein appearedto act asa typicalsplicingactivator, like other SR
proteins.7lI.82Thus,both the RNAbindingactivityand the phosphorylationstateofitsRSdomain
contribute to the inhibitory effectof SRp38on splicing.
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How Do SR-Related Splicing Factors Regulate Alternative Splicing?
In the past,SR-relatedalternativesplicingregulatorswere ofienreferred to asmammalian ho-

mologuesofsplicingregulatorsidentifiedin Drosophila, such ashTRA2a and liTR.A2~83.Because .
these splicingfactors can be classified as SR proteins, we will focusour discussion on the other
RSdomain-containingsplicingfactorslisted in Table1. One example is the U2AF hererodimer,
which is comprisedofU2AF65 and U2AF35.Theseproteins are structurallyrelated to SR pro-
teins,but havedistinct features: U2AF65 contains an N-tcrminal RS and threeRRMs. whereas
U2AF35 carriesa C-terminal RS domain, but no RRM. The U2AF heterodimer is believedto
playa critiealrole in the definitionof3' splicesite selectionin both constitutiveand alternative
splicing. Indeed.recentRNAiknockdownstudiesshowedthat the U2AFheterodirnerisdirectly
involved in regulatingsplicingin both Drosophila and human cells.84.8S UnlikeSRproteins,how-
ever, U2AF does not seemto affect 3' splicesite choicein a dosagedependent manner. Instead,
the U2AF heterodimer appearsto be the target for replacementby other polypyrimidine tract
bindingproteins. suchasSxlin Drosophila86 or PTB in vcrtebrates.87-89

Besides U2AF.agrowingnumberofRS domain-eontainingproteinshave beenimplicatedinal-
ternative splicing. includingthemammalianhomologueofsuppressor-of-white-apricot90andalarge
Zn-fingerprotein ZNF26591 (Table1). Interestingly, severalkinases, suchasClkISty,97.93 CrkRS.94

Prp4K,95 and CDC2L5.96and the regulatorsubunits cyclin L177,98 and U ,99,lOO also contain an RS
domain.While thesekinases have exhibitedeffects on alternative splicingin transfeetedcells. only
ClkISty is knownto target and directlyphosphorylateSRproteins.Thesekinase systems havethe
potential to linksignal transductionpathways to regulatedsplicingin mammalian cells.

A recentlarge-seale RNAiscreenfound,surprisingly. that constitutivesplicingfactorsarealso
capableofalteringthe splicesitechoice.Among these unexpectedalternative splicingregulators
are the ATPasePrp5 and Prp22,8S the mammalianhomologuesofwhich carryan extra RS do-
main.IS.18This finding is surprisingbecauseregulation of alternativesplicinghas been generally
thought to takeplacein earlystages ofspliceosome assembly and theseATPases areknown to act
during the splicingreactionafterthe spliceosome isfullyassembled. However, amorerecentkinetic
study demonstrated that, despite thefact that splicesitesare paired in the absence ofATP,they
areflexible and exchangeable within the E complexunril they are lockedin the A complexin the
presenceofATP.I01 Thus,manyfactorsthat act afterspliccosomc assembly maysrillbe capableof
functioning as regulatorsin alternativesplicing. This findingis consistentwith the role ofPrp5,
Prp22 and other "late"splicefactorsin regulatedsplicing. Therecent recognitionofthe dynamic
nature ofthe spliceosome providesa conceptualframeworkfor understandinghow manyknown
factorsfor constitutivesplicingshowan abilityto modulatealternativeSplicing.I01

Functional Requirement ofSR Proteins In Vivo
While regulated splicingwas iniriallyrecognized and extensively studied by genetics in the

Drosophila system, mostconceptsand mechanisticinsightsinto theregulationofalternativesplic-
ing by SR proteins and SR-rclated proteins havebeen based on biochemiealanalysis in vitro or
in transfeeted cells. It is thereforeimportant to test and extendthe biochemicalstudiesto in vivo
systems. To thisend, the RNAiapproachhasbeen usedto determine theroleofSR proteins in C.
ekgans.103 Strikingly. most SR protein knockdownsresulted in no detectablephenotype, except
for alate embryoniclethalphenotype inducedbyRNAiagainstSF2/ASF.Thesefindingssuggest
an extensive functionaloverlapamong the SR familyofsplicingfactorsin thismodelorganism.
A more extensive RNAi screenperformed in Drosophila S2 cellsrevealedthe role ofseveral SR
proteinsand SR-related splicingfactorsin alternative splicing," Although the RNAiapproachhas
beenappliedto mammalian cellsto demonstratespecific requirements ofSRproteinsin alternative
splicing,IM.IOS a similarsystematic undertakingremains to be extendedto the mammalian system
whereregulatedsplicingmaybe moredynamicand thus more complex.

Complementaryto the RNAiapproach.genetargetingin chicken DT40 cellsand in micehas
permittedthe analysisofSRproteinsinvivo. AstudypcrformedonSF2/ASFknockoutDT40 cells
revealcdthatSF2/ASFisrequiredforcellviability,106hasanunexpectcdroleinmaintaininggenomic
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stability,l177 andhas a regulatoryfunction in DNA fragmentation duringapoptosis.1OS At leastone
ofthcseinvivo functions(DNAfragmentation) was linkedto SF2/ASF-regulatedalternative splic-
ing.IOSThese studieshavesignificandy extendedour understandingofSR proteinsin vivo.

Sofar, allSRprotein knockoutmicestudiedto date haveshownanearlyembryoniclethalphe-
notype, thus demonstratingthe fundamentalfunction ofSR proteins in viVO.62.109.1I0 Surprisingly
however. SC35seems to bedispensable in nondividingmature eatdiomyoeytes,indicatingthat SR
proteins arenot universally required fUr cell viabilityin vivo.l111his observationis in agreement
with an RNAi result in C. eugam.103 Importantly, specific alternative splicingeventshavebeen
direedylinked to somedefinedphenotypesin SC35 andSF2/ASFknockout mice,showingthat
SRproteinsare indeed regulatorsof alternative splicingin mammalian cells.

Interestingly, an SF2/ASF mutant lackingthe RS domain could rescue cellviabilityin SF2/
ASF-depleted mouseembryonicfibroblasts,'!" Because the RS domain in SF2/ASF is required
for constitutivesplicingbut dispensable in alternativesplicing in most cases, this observation
suggests that most cellulat malfunctionsmight result from defects in alternative splicing. This
possibilityisconsistentwith the studiesof the SF2/ASForthologuein Drosophila, inwhichdASF
appearedto lack anyactivityin constitutivesplicing, but functionedas a regulatorin alternative
splidng."! Furthermore, the globalpattern of gene expression was not dramatically altered in
SR protein-depletedcells, indicatingthat inactivation of individualSR proteins may not cause
widespread defectsin constitutivesplicing.111

•
114

SR Proteins as Splicing Regulators In Vivo: Why So Few Targets?
Membersof the SRfamily ofsplicingfactors areamongthe bestcharacterized splicingregula-

tors and havebeen enensivdy studied by biochemical analysis. One surprisingfindingfrom the
studyof SRprotein knockout cells was that most splicing events(both constitutiveand alterna-
tive)remainedunalteredin response to depletionof individualSRproteinsinvivo.Thisresulthas
been assumedto be due to functional redundancyamongSRproteins,whichmaybe explained
bytwo potential mechanisms (Fig. 3). First,more thanone SRprotein maybe ableto recognize

A. Multiple SR proteins recognize a similar ESE

SR1 SR2 SR3

...........
3' splice site S' splice site

B. Multiple SR proteins recognize distinct ESEs

\ t I
I W//A J::·:·:·:·:::J."s,\~ I

3' splice site 5' splice site

Figure3. Potential functional redundancy of SRproteins. A)MultipleSRproteins may recog-
nize the same ESE in a pre-mRNA. B) Multiple SRproteins may interact with several distinct
ESEs in a pre-mRNA. As a result, deficiency of a single SRprotein may have little effect on
most constitutive splicing events.
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a similar set of ESEs present in most cxons; this hasbeenobserved in vitro with SF2/ASF and
hTRA2~. which ate both are capable of recognizing purine-rich ESEs.2s,41,83,115 Second.most
cxonicsequences appcat to harbor multipleESEs thatare responsive to distinctSR proteins,116
which mayact independently or in a synergistic manner.3l.l1 7 As a result, manysplicing events
maybe responsive to SRprotein overeapression, but relatively insensitive to down regulationor
depletionof a singleSRprotein. Ovcrapression of SRproteinsmayexert a dominant effecton
cxons containingrelatedESEs. Therefore. cautionmust be taken in interpretingoverapression
results in transfcctedcells. in which an affectedsplicing eventmaynot be the natural substrate
for the SRprotein under stUdy. Thisproblemcan be addressed bycomparing results from both
ovcrapression and RNAiknockdown studies.

Accordingto the theoryof functionalredundancy. one mightexpecta moreprevalenteffect
ofSR protein depletionon alternative splicingvcrsus constitutive splicing in vivo. sincealterna-
tivesplicing is often coupledwith weak splice sitesin conjunctionwith specific ESEs.33 In this
regard. alternative splicingwouldbe moredependenton individualESEs and thusmoresensitive
to vatiations in SRprotein expression. Asa result,SRproteinsmaybe collectively essential. but
individually dispensable forconstitutive splicingin mostcases. On the otherhand. individualSR
proteinsmayeachcontroladefinedspectrumofsubstratesviawcaksplicesitescoupledwith ESEs
and these substrates maybe limitedin type or in number. Therefore, SRproteinsmayfunctionas
alternative splicingregulators in vivomorec:nensively than previouslyappreciated. Thechallenge
is in identifyingkeyalternative splicing eventsinvolving specific SR proteins and to link these
molecular alterations to definedbiological phenotypes.

Regulation ofSRSplicing Regulators
SRproteinsand SR-rclated splicing!actorsaredirect effectors in alternative splicing and are

likely subjectto regulationat the transcriptional and post-translationallcvels. Additionalregula-
tion l.ikdf takes placein response to cell signaling events. Regulation of SR proteins and other
splicing regulators bysignaling isreviewed in the chapterbyLynchin thisbook. Accordingly.we
will focus our discussion on how alternative splicing maybeachieved byregulating the SRfamUy
of splicing factors. While SRand SR-related proteins areubiquitously expressed in most tissues
and cell rypcs. diffi:rential expression of SRproteinshasbeen reportedin certain tissues and cell
rypcs in response to signaling.l1 8-122 In general. however. little isknownabouthowSRproteinsate
regulatedat the transcriptional leveland about the functionalconsequences of such regulation
on specific alternative splicing events in specific biological pathways. SRproteinshavealsobeen
found to be auto-regulated or regulated in trans by other SR proteinsat the level of alternative
splicing.123-126Theseregulatorymechanisms mayhelpmaintain homeostasisofSR proteinexpres-
sionin most cellrypcs.

SR proteins arec:nensively modifiedbyphosphorylation in their RS domains. Several early
studiesindicatedthat phosphorylation was essential for SRproteins to functionIn spliceosome
assembly and that dephosphorylation was criticalforRNAcatalysis within the spliceosome.127·1u
Phosphorylation and dephosphorylation areboth required,l30 because it was found that experi-
mentalinductionofSR proteinhyper-and hypo-phosphorylation impairedsplicing.92 However.
mutationsthat mimichyper- andhypo-phosphorylation ofa singleSRprotein.suchassubstitution
000 repeatsbyREor RGdipeptidcs in theRSdomain. stillsupportedsplicinginvitroandcomple-
mentedSRprotein-depletedcells forviability.I11·131 Thisislikdybecausea fullphosphorylation/de-
phosphorylationcycle docsnot haveto occurin asingleSRproteinfor eachroundof thesplicing
reaction.129 Forinstance. a splicing reaction canbe accomplished byusinga thio-phosphorylated
(phosphatase-resistant) SRprotein to stimulateinitial spliceosome assembly and using another
dephosphorylatable SRprotein to completelaterstepsin the splicing reaction.

Because the activityof SR proteins in constitutive splicingis clearly modulated by phos-
phorylation, it is conceivable that regulatedphosphorylation mayhavea profound influence
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on alternative splicing. Indeed, ovc:rc:xpression or inhibition ofan SR protein-specific kinase has
been shown to modulate splice site sdection.92.132.135 The activation ofvarious signal transduc-
tion pathways has also been shown to affect alternative splicing via, at least in patt, differential
phosphorylation ofSR proteins. I36.137However, we ate farfrom understanding how SR protein
phosphorylation might affect the activity of SR proteins in constitutive and regulated splic-
ing. While phosphorylation of the RS domain is generally believed to prevent SR proteins
from non-specific binding to RNA, the impact varies with respect to RS domain-mediated
protein-protein interactions that enhance the interaction in certain cases and suppress the
interaction in others.138.139 Importantly, it is essentially unknown as to which proteins are actu-

ally engaging in the interaction with the RS domain ofan SR protein within the spliceosome
and how such interactions might be influenced byphosphorylation. Moreover, SR proteins
ate phosphorylated at multiple sites in their RS domains."? It is currently unclear whether the
activity ofSRproteins might be affected by phosphorylation in a context or site-specific manner.
Finally, phosphorylation has been shown to regulate the localization ofSR proteins93.141.143 and
their recruitment to the transcriptional machineryhas been shown to facilitate cotranscriptional
splicing in the nucleus.139·144.14s Because SR proteins are known to affect alternative splicing in
a dosage-dependent manner, the impact ofphosphorylation on the availability (localization)
and targeting efficiency (recruitment) ofSR proteins may contribute to the complex pattern of
alternative splicing in mammalian cells,

One approach to investigate the regulation ofsplicing by phosphorylation is to identify and
characterize specific kinases and phosphatases involved in the process. To date, several protein
kinases have been implicated as SR protein kinases, including SRPKs,141.143 Clk/Sty.93.132·134 and
Akt.136.137 The f.unily ofSRPK and Clk/Sty kinases catalyzed phosphorylation ofSR proteins in
multiple sites in the RS domain, but with different substrate specificity.14O,146 It is important to

emphasize the fact that these kinases were mostly identified byin vitro kinase assaysand their
effect on splicing, ifany,wasonly tested in transfected cells. Genetic evidence will be required to
firmly establish theenzyme-substrate relationship for all ofthe reported SR protein kinases. In
Drosophila, a Clk/Sty-relared kinase has been shown to phosphorylate endogenous SR proteins
and more importantly, mutations in the kinase altered the sex determination pathway.147The
SRPK f.unily ofkinases wasinitially identified based on their ability to alter thelocalization of
SR proteins in interphase cells as well asduring cell mitoSis.141.143.148 A recent RNAi studyshowed
a major impactofSRPKI depletion on SR protein phosphorylation in vivo.149These observations
provide genetic evidence for the involvement ofthese kinases in SR protein phosphorylation in
vivo; how these kinases are involved in the regulation ofalternative splicing isan important subject
for future studies.

The action ofkinases is often counteracted by phosphacases. Unfortunatdy, phosphatases
specifically involved in SR protein dephosphorylation ate largely unknown. In vitro, both
pp1and PP2A were able to act on SR proteins and activated splicing.127.128.ISO,m Several PP2A
family members have been copurified with spliceosomal componenes.P" Intriguingly, a recent
study demonstrates the essential role ofboth PP 1 and PP2A phospharases in the second step of
splicing. but their main substrates are U2 and US snRNP components, insteadofSRproteins,
indicating that multiple phospharases ate involved in the splicing regulators and those specific
for SR proteins remain to be identified and functionally charactedzed.P! In particular, because
SRp38 is particularly sensitive to dephosphorylation in response to mitotic transitions and heat
shock," it will be ofgreat interest to identify the phosphatase(s) responsible and the potential
role of these enzymes in regulated splicing. Interestingly. although alternative splicing is not
common in budding yeast, a member ofthe SRPK family ofkinases is conserved in the organ-
ism and is responsible for phosphorylation of the SR-related RNA binding protein NpI3p.lS4
This action is counteracted by the yeast PPI family phosphatase Glc7p. suggesting that the
mammalian counterpart ofGlc7 c may function as an SR protein-specific phosphatase. ISS
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SR Protein-Regulated Splicing in Development and Disease
As splicing is an e:ssential component of gene: expressionand a key point in expression

regulation,splicingdc:fc:cts havebeenlinkedto variousdisc:asc:s in humans.156.1S7 Giventhe: role:
of SR proteins and relatedsplicing factors in alternative: splicingand cellgrowth control, they
are: primary candidates for causingspecific disease: phenotypes. Available: evidence: indicate:s
that SR proteins may be: involve:d in developmentand disc:asc: in several ways. First, the:y may
function as criticalregulatorsof disease:-causing genes, such as oncoge:nes or tumor suppressor
genes.63.1SB.lS9 Consistent with this possibility.a re:cent study showedthatthe: alternative: splic-
ing of the: Ron proto-oncogene: was subjectto rc:guIation by SF2/ASF and the: prote:in product
from an alternatively splicedisoformappearedto contribute: dire:ctly to the: invasive: behaviorof
tumor cc:IIs.63 In knockout mice,SF2/ASFwas found to playa criticalrole: in the: developmental
control of CaMKII6 alternative: splicingin the: heart, rc:suIting in differential cellulartargeting
of the: kinase: and malfunctionin Ca++signalingin cardlomyocyres/" Because: SRproteins affect
alte:rnative: splicingin a dosage-dependent manner. it is conce:ivable thataltered expression of
SRproteins maymanifest the: effectby changingthe: alternativesplicingpatte:rn ofthe:ir target
genes, thc:rc:by causingspe:cific defectsin the: rc:gulation of cellproliferationand diffc:rc:ntiation.
Indeed, altered expression of SRproteins and SRprotein-specific kinases has been de:te:cte:d in
multiple: typesofcancer. I60-16S

The: secondwayfor SR proteins to act in disease: pathways lies in their abilityto recognize
specific point mutationsand smalldc:Ictions directlyin disease-causing genes, thc:rc:by manifest-
ing the disease: phenotype via the: mutation-triggc:rc:d alternative splicing c:vents.1S7One:of the:
best suchexamples is the: disc:asc: gene: SMN in spinalmuscuIar atrophy(SMA).The: SMN gene:
isduplicatedin the: human genome:, but the: disease: phenotype isonlyassociated with mole:cuIar
defectsin the: SMNl gene:.l66The reasonwhySMN2 is insufficient to complementthe defective:
SMNl gene: in SMAis because: of a point mutation in c:xon 7 in the: SMN2 gene: which converts
an ESEto an ESS. therebycausingc:xon skippingto resultin apartlydefective gene: product.166-169

Thesefindings illustrate: how some: silentmutationsmaybe: linkedto specific disc:asc:s because of
their impact on the: regulatoryinformationc:mbc:ddc:d in the sequence:. Therefore, although SR
proteins and SR-rc:Iate:d splicing factorshavenot yet been directlymappe:d asdisc:asc: genes. they
mayplaya largerrole: in the: expression of specific disease: phenotypesthan previouslyanticipated.
Thismaybe one:of the: majortumor sc:Iection me:chanisms resultingfroman unstablegenome:due
to defects, for example, in the: DNA repairpathway.

Concluding Remarks
Despite: the: significant progress thathas improvedour understandingof alte:mative: splicing

mechanisms and the functionalconsequences of regulatedsplicingin development and disease,
we arc: stillconfrontedwith a large: arrayof chaIlenges, which maybe expressed in the following
questions: (1)Why doSRproteinsgc:nc:raIly recognize c:xonic splicingenhancers, but not similar
sequences in introns? (2) Which protein(s) interact with the: RSdomains ofSR proteinsduring
splice:osome assembly? (3)Why is the RSdomain diffc:rc:ntiaIly requiredfor constitutive and al-
ternativesplicing? (4) What is the: mole:cuIar basisbywhichsomeSRproteinsactpositivc:Iy and
othersact negativc:Iyon splicing? (5) Towhatextentdo SRproteinsshareredundant functionsin
splicing? (6) HowdoSRproteinscooperate:withother splicingRNAbindingproteinsto regulate
alternative splicing? (7)How are: SRproteinsregulatc:din vivoand in response to signals? (8) To
what extentdoes the activityofSR proteins in alternative splicingcontribute: to their functional
requirementin development and cellproliferationcontrol?In this chapter,wehavespeculatedon
someof thesequestionsbasedon the available: evidence, Additionale:xpc:riments that address these
biologicaland mechanisticquestions arc: dearlyneededto understandthe: functionand rc:gulation
of this important class of splicingrc:gulators in de:vc:Iopment and disease.
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CHAPTER 8

hnRNP Proteins and Splicing Control
Rebeca Martinez-Contreras, Philippe Cloutier, Lulzim Shkreta,
Jean-Fran'r0isFisette, Timothee Revil and Benoit Chabot*

Abstract

Protcins of the heterogeneous nuclear ribonudcoparticles (lmRNP) family roan a structurally
diverse groupof RNA bindingproteinsimplicated in various functionsin metazoans. Here
we: discuss recentadvances supportinga role: for the:se: proteinsin precursor-me:ssenger RNA

(pre:-rnRNA) splicing. Heterogeneous nuclearRNP proteinscanrepress splicingbydirectlyanrago-
nizingthe: recognitionofsplice: sites,or caninterfc:re:with the: bindingofproteinsboundtoc:nhanc-
e:rs.Recently, hnRNP proteinshave: be:en shownto hinder communicationhe:twe:en factorsbound
to diffc:rc:nt splice: sites,Conversely, sc:vc:ral reportshave: de:scribe:d a positive: role: rorsome: lmRNP
proteinsin pre-rnRNAsplicing. Moreover, coopc:rativc: interactions he:twe:en boundlmRNPproteins
mayencourage: splicingbe:twe:en specific pairsof splice: siteswhile: simultane:ouslyhamperingother
combinations.Thus,hnRNP proteinsutilize: avarietyofstrategies to controlsplice: site: selection in
a manne:r that is important for both altc:mative: and constitutive: pre:-rnRNA splicing.

Introduction
Pre:-RNAsplicing is the: proce:ss bywhichIntronsare removed to produce: functionalrnRNAs.

Alternative: splicingoccurswhenc:mns, introns,or portions thereof are: differentially includedto

produce: distinct rnRNAsfrom an identical pre-rnRNA. Alte:rnative: splicing is part of the: expres-
sionprogramofmore: than 70%ofall human genes,' and is a majorsource: of protein diversity in
plantsandmetazoans. The: c:nraordinary contributionthat alternative: splicingmah:s to the: biology
of complex organslila: the: mammalian brain isonlybeginning to be: appredated (reviewed in ref.
2).A full description of the: impactof altc:mative: splicingon biologywillrequirecharacterizing the:
function of a huge: colle:ction of splice: isoforms produce:d in diffc:rcnt tissues. Moreover, splicing
mutationsofi:c:n cause:humandiseasc:s andalce:mative: splicingprofilesarefre:quently alteredincancer
and other pathological conditions(reviewed in ref 3,4; rc:fc:r to chapterbyOrengo and Cooper).
Consequently, there is much hope: that monitoring globalsplicing profiles can provide: rich and
informative: signatures fordisease identity, progression and prognosis.S.6

An e:quallyimportant taskisto understandhowauthenticsplice: sitesareselected andhowthese:
de:cisions are: modulatedin diffc:rcnt ce:ll type:s under avarie:ty ofenvironmental cue:s. Considerable:
progre:ss has beenaccomplishe:d towardsunderstandingthe: basicprinciplesofthe: genc:ral splicing
reaction(rc:viewe:d in reE7; referto chapterbyMatlin andMoore).The: removal ofintrons requires
the: re:cognition of four splicingsignals: the: 5' splice: site,the: branch site, the: polypyrimidine: tract
(PPT) and the: AG at the: 3' splice: site. The: UI snRNP usesRNA complementarityto interact
with the: 5' splice: site:. The: U2AF heterodimer binds to the: downstream3' splice: site:: U2AF65
binds to the: PPT and U2AF35 recognizes the: AG. U2AF binding can be: stimulate:d by UI
snRNP bound to a downstream5' splice: site,a procc:ss termed c:mndefinition (Fig. IA). U2AF
stabilizc:s the: inte:raction offaetors bound at the: branchsite: (i.e:., initially the: protein SFI and later
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U2 snRNP). Once the initial recognitionofsplicingsignals has occurred,the endsofthe intron
are brought in closeproximity to achieve intron definition (Fig. lB), an event that will lead to
completespliceosome assembly and, ultimately, intron removal.

Many splicingsignals are not strongenough to insure: their efficient recognitionby the: basal
splicingmachine:ry.Moreover, alternative splicingofic:n requires the activation ofspecific splice: sites
byenhancerdements (for a review se:e: ref.8).Thesedements aregenerally locate:d in the: vicinity
ofthe: splicingsignalsand their activityhasbeen associatedmostlywith a groupof RNA binding
proteins named the SR proteins (referto chapterby Lin and Fu).The binding of SRproteins to
cxonicenhance:r dements canstimulatethe: bindingofUlAF, U2 snRNP or UI snRNP.9•13

Thecontrolofalternative splicingalso entailsthe: specific repression ofsplicesites.Thisinvolves
silencerdements that aretypically bound byhnRNP proteins,but canalsobe: recognizedbyother
factors includingSRproteins (for a reviewseere:£ 8).

In the: followingse:ctions, we: will examine: the: contributions that the: majorhnRNP proteins
make: to both generaland alternative: splicing,with an emphasis on their me:chanisms ofaction.
Thiscompilationmayunderscore: commonstrategies use:d bydifferentgroupsofhnRNP proteins
to control splicingde:cisions.

---Py-tract-AG

A

U2AF

B

Figure 1. Exon and intron definition. A) Exon definition. The binding of U1 snRNP to a 5'
splice site can stimulate the binding of U2AFat the 3' splice site in a process that requires SR
proteins to interact with the U1 snRNP protein 70 kDa and the U2AF35-U2AF65 heterodimer.
B) Intron definition. When the 5' splice site and the 3' splice site have been recognized by
the U1 snRNP and U2AF, respectively, SR proteins are presumed to mediate communication
between both splice sites to define the intron. 221
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A BriefHistory ofhnRNP Proteins
Nascent pre-mRNAs emerging from RNA polymerase II transcription dongation complexes

interact with a variety of proteins and snRNPs. The term hnRNP proteins wasinitially coined
to indicate the group ofproteins associated with high molecular weight nuclear RNA (hetero-
geneous nuclear RNA or pre-mRNA). hnRNP proteins were then operationally defined as the
most abundant proteins associated with 405 particles that are generated from mild ribonuclease
digestion ofhnRNA-containing material sedimenting between 405 and 2505 (reviewed in ref.
14). In rapidly dividing cells, the major core hnRNP proteins are present at high intranuclear
concentrations (low millimolar levels. nearly as abundant as histones]." This definition later
evolved to specify proteins that could be crosslinked by ultraviolet (UV) irradiation to hnRNA
in vivo. The subsequent use ofmonoclonal antibodies and two-dimensional gd electrophoresis
established our current definition ofmammalian hnRNP proteins as a set ofapproximately 24
distinct polypeptides that stably associate with hnRNA.16Thefruit flyDrosophila melanogaster
contains ten to fifteen major hnRNP proteins.F'" Because the definition ofan hnRNP protein
does not reflect a precise biochemical activity or function other than being associated with
newly synthesized precursor mRNAs. it may not be too surprising that hnRNP proteins display
considerable structural diversity (for a detailed description. see Fig. 2). Antibodies specific to any
one hnRNP protein recover the complete set ofmajor hnRNP proteins," an observation which
could be interpreted as evidence that hnRNP proteins bind RNA nonspecifica1ly. However.
more recent experiments have revealed a nonrandom deposition ofhnRNPs proteins on nascent
pre_mRNAs.21,22suggesting sequence-specific binding.

Early on. it became clear that some hnRNP proteins associate with specific components of
the splicing machinery. However. a functional role for hnRNP proteins in the general splicing
reaction has remained controversial because the incubation of modd pre-mRNAs in nuclear
extracts leads to the formation of H complexes that are not substrates for the assembly of a
functional spliceosome (refer to chapter by Matlin and Moore).23.24These complexes contain
the same set ofhnRNP proteins that bind to hnRNA in vivo. although their protein composi-
tion varies depending on the identity of the pre-mRNA. These reports were followed by the
landmark demonstration of the capacity ofhnRNP Al to modulate 5' splice site sdection in
vitro.2s As we will see below, many hnRNP proteins have now been shown to modulate splice
site sdection.

Although hnRNP and hnRNP-like proteins have been described in yeast and plants. this
chapterwill focus on metazoan hnRNP proteins. Moreover. although severalofthe major hnRNP
proteins have been implicated in a variety ofbiological processes including telomere biogenesis.
polyadenylation. translation. RNA editingand mRNA stability (reviewed in ref. 26). wewill limit
our discussion to their role in splicing.

hnRNP Proteins, Splicing and Alternative Splicing
A function in splicing has been documented or proposed for more thanhalf of the major

hnRNP proteins. Other hnRNP proteins like N . 5 and T remain poorly characterized and there
is no evidence that the hnRNP proteins AO.A3. AlB. D. DL and U playa role in splicing.

hnRNP.ua"JA2-h"RNPF, H, H'a"J2H9
Although theA and H groups ofhnRNP proteinsdisplaydistinctive structural features (seeFig.

2). we havecombined them here because they can bind to RNA sequences with GGG-containing
motifs (seeTable I) and can control splicing through similar mechanisms (seebdow).The hnRNP
Al and A2 proteins contain two RNA recognition motifs (RRMs) followed by a glycine-rich do-
main (GRD) characterized by repeats ofan arginine-glycine-glycine motiftermed the RGG box
(Fig. 2). The hnRNP proteins F. H. H' and 2H9 contain RRM-related domains that are loosdy
similar to the consensus RRM (quasi-RRMs or qRRMs) and regions rich in glycine. tyrosine and
arginine (GYR) or glycine- and tyrosine-rich (GY) (Fig. 2).
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Figure 2. Structure of the major hnRNP proteins and splice isoforms. The molecular weights
of each protein are indicated below the name. The type of RNA Recognition Motifs (RRM,
quasi (q)RRM or KH) is indicated as well as the presence of auxiliary domains, such as the
glycine-rich domain (G)and RGG motifs. The hnRNP proteins are grouped (dashed rectangles)
according to global protein identity. hnRNP Al, A2, A3, AD, N6 and D proteins have been
grouped according to the similarity between RRMs.224 hnRNP Al and A2 share 68% amino
acid identity (80% for the RRMs). Isoforms of hnRNP Al and A2 proteins are generated by
alternative splicing to produce the Al 6 and 61 isoforms. A16 (initially designated 62) contains
an additional 52 aa (53 aa in mouse) in the C-terminal glycine-rich region).225.226 61 contains
an additional 12 aa near the amino terminus.!" The Al and A2 proteins contain a nucleo-
cytoplasmic export signal (M9).228 The hnRNP D group is composed of four main isoforms.
Figure legend continued on next page.
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Figure 2, continued. DOl (also known as AUFl or p37) is the shortest while D02 (p40)
and Dl (p42) result from the inclusion of exon 2 and exon 7, respectively. D2 (p45) is not
shown, but is produced from the inclusion of both exons. hnRNP Cl and C2 are generated
by alternative splicing and the C2 isoform contains an additional 13 aa. 227,229 The Cl and C2
proteins contain an N-terminal RRM/09,230,231 and a basic leucine zipper (bZIP)-like motif
(bZLM).232-234 The RRM plays a minimal role in the overall affinity of hnRNP C for RNA. A
highly basic 40 aa domain preceding the leucine zipper motif provides the high-affinity for
RNA.232,233 hnRNP C does not shuttle between the nucleus and cytoplasm due to a nuclear
retention signal (NRS).23SThe family of hnRNP E proteins (also called CPs or PCBPs for poly
rC binding proteins) includes at least two principal proteins (E1 and E2) that contain, along
with hnRNP K,three KH domains.228,236-239 The hnRNP E1 gene is believed to have arisen from
the retrotransposition of a fully processed E2 mRNA. a-CP3 (PCBP3)and a-CP4 (PCBP4) are
paralogs derived from gene duplication events.240 There are four known alternatively spliced
isoforms of hnRNP K,241 and hnRNP J is believed to represent another isoform created by the
exclusion of a central exon. 242 hnRNP K possesses a nuclear shuttling domain (KNS) and a KI
(K Interactive) domain that is responsible for interactions with various proteins.t? hnRNP F,
H, H' and 2H9 are encoded by different genes. An amino acid alignment reveals 96% simi-
larity between H and H', 78% between Hand F and 75% between H' and F. hnRNP H, H'
and F contain three quasi RNA recognition motifs (qRRMs). A region rich in glycine, tyrosine
and arginine (GYR) is located between qRRM2 and qRRM3. These proteins also contain a
C-terminal glycine- and tyrosine-rich (GY) domain.244 The hnRNP 2H9 gene is alternatively
spliced to produce 6 different isoforms (2H9, 2H9A, 2H9B, 2H9C, 2H9D and 2H9E) that all
contain qRRM3 but varying flanking domalns.t" 2H9A, 2H9B and 2H9C are truncated as
shown. 2H9D and 2H9E lack a 70 aa region at the C-terminus but differ in their N-termini.
2H9D is truncated like 2H9C, but 2H9E is further shortened by 6 aa. GRSF-1 is a GGG bind-
ing protein that has extensive similarity to members of the hnRNP H family of proteins.246 The
hnRNP G group includes three closely related proteins: hnRNP G (RBMX), RBMY and hnRNP
G-T. hnRNP G contains a single N-terminal RRM domaln.t" The human genome contains
several additional retrotransposed copies of RBMXderived from processed cDNAs.248,249 Two
of these human RBMXretrogenes are almost full length and their conceptual proteins display
92-96% identity to RBMX and are expressed in testis (RBMXLl) and brain (RBMXL9).249 The
human RBMY protein has four tandemly repeated copies of a 37 aa motif enriched in serine,
arginine, glycine and tyrosine (SRGY), which is also found in some SR proteins and that func-
tions as a protein interaction dornaln .!" The SRGYmotif is present only once in hnRNP G and
G-T and is less well conserved.25o,251 Although the HNRNPG-T gene is retroposon-derived
and does not contain any introns, it is highly conserved (73% identity with hnRNP G).m
RBMY and hnRNP G share 76% similarity and 60% identity.247,253 hnRNP I is also known as
PTB or PTBP1 . It is composed of four RRMs that diverge from the canonical motif but that
are similar to the RRMs of hnRNP l,254 PTB is alternatively spliced to produce a variety of
isoforms that can affect the length of the interdomain linker. PTBP2 and PTBP4differ from the
most studied isoform PTBPl by the insertion of 19 and 26 aa, respectively, between RRM2
and RRM3. These isoforms induce varying levels of repression on a-TM exon 3, with PTBP4
being the strongest repressor, followed by PTBP2 and PTBP1.'40 Neural-specific (n)pTB is a
paralogue of PTB displaying 73% identity with PTB (80% for the RRM domains).255 hnRNP
L displays 55% similarity to hnRNP I/PTB (and 32% identity between the RRMs of the two
proteins).254,256 There are four isoforms of hnRNP M (M1-M4) and possibly two more that are
present in LH-hnRNP complexes.2'7,257 The exact splicing events that are responsible for these
differences are unknown. hnRNP P2, also named TLS/FUS, possesses one RRMand several
RGG motifs. However, RNA binding seems to be mediated by the zinc finger domain (Zn).258
Three isoforms of hnRNP Q have been identified,"! with Q3 displaying 83% identity to hnRNP
R. Q3 is composed of three RRMs, two NLSsand an RGG box. Q1 lacks part of the RGG box
and the second NLS. Q2 lacks 34 aa from the second RRM. The shorter isoforms of hnRNP
Q lack the glutamine- and asparagine-rich (QN) C-terminus present in full-length hnRNP R
and hnRNP Q. The two known splice isoforms for hnRNP R are shown. hnRNP U,221 also
known as Scaffold Attachment Factor A (SAF-A) can bind to RNA through an RGG domain
located at the C-terminus. It also possesses an SP1a and ryanodine receptor (SPRY) homology
domain of unknown function and a scaffold-associated region (SAR)-specific bipartite DNA
binding domain (SAF) capable of binding specific DNA sequences.s"
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Table 1. Bindingspecificityof hnRNPproteins

Alternative Splicing in the P01tgenomic Era

hnRNPProtein RNA BindingSite References

Al/A2 UAGRGA/u 48,207
UAGG 208

C U-rich 209,210
AGUAUUUUUGUGGA 211

0 AU-rich 212
AUUUA 213
UUAG 214

E polyC 215
F/H/H'I2H9 GGGA 72

GGGC (H and H')
G AAGU 103
lor PTB UCUU(O 114

CUCUCU 121
V.CUUCUCUCUV. 120

K polyC 216
AUC3/4(U/,J(A/u)

L CA-rich 142
M poly G & poly U 217

purine-rich (Hrp59) 152
P2 GGUG 218

Q U- and AU-rich 219
R polyU 220
U polyG 221

poly A 222

R, purine; V, pyrimidine.

hnRNP Al and H Proteins Are Splicing Repressors
hnRNP Al can alter 5' splicesite choice,v~9 and promote emn skipping.2S,3O-oI6 hnRNP A2

displays a similar function in alternative spUcing.31•32.47.48 Members of the hnRNP H group
also promote alternative 5' splice site selection, splicing inhibition and emn skipping.49's S A
high-throughput search for emn motifs that repressemn inclusion has uncovered groups of
sequences that likdy representbindingsitesforhnRNP Al and H proteins.56G-traets,potential
binding sitesfor hnRNP AI, A2 and H, are enriched in pseudo-esons and maybe responsible
for their repression."

Themechanisms bywhichhnRNP Al and H repress a splicesitehavebeenexaminedin a few
cases. In tat emn 2 ofHN-I, the binding ofhnRNP H near the3' splicesite Interferes with the
binding ofV2AF3S.51Likewise, the binding ofhnRNP H to two intronic G-runs inactivates a
3' splicesite in the cystathionine fJ-synthase pre_mRNA.58 hnRNP H bindingsiteslocatednearor
overlapping as' splicesite can alsorepress splicingbydirectlyinhibiting Ul snRNP bindlng,"
Thus,the stericocclusionofsplicingsignals byhnRNP H proteinscanexplain splicinginhibition
in thesecases. In a relatedfashion,the Drosophila hnRNP Al ortholog hrp48 associates with the
P-dement-specific inhibitor (PSI) and VI snRNP to form a complexthat hinders spliceosome
assembly at the authentic downstream5' splicesite.60

As shown for the HN tat emn 2,61 the binding ofhnRNP Al to emnic sequences can an-
tagonize the interaction of the SR protein SC35 to an overlapping site (Fig.3A).The abillty of
hnRNP Al to interferewith the bindingofSR or SR-relatedproteinshasbeendescribedin many
pre-mRNAs.36.38,41,62-65 Likewise, the binding ofhnRNP F and H to a silencerdement in emn 2
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Figure3. Differentmechanismsofsplicingcontrol used bythe hnRNPAl protein.A)Occlusion.
hnRNPA1 binds to a splicingsilencer element inthe HIV-l tat exon 2 (ESS2) that overlapswith
an enhancer element (ESE2) bound by SC3S. The enhancer element stimulates U2AF binding.
Al antagonizes the binding of SC3S to inhibit the use of the 3' splice site.s4 B) Nucleation.
hnRNPAl binds to a high-affinity site in HIV exon 3 (ESS3). Propagation of Al binding has
been proposed to occlude 3' splice site usage. However,the bindingof ASF/SF2 to ESE3 would
block the nucleation process." C) Loopingout. hnRNPAl molecules bound in the introns
flanking alternative exon 7B in the HNRP Al pre-mRNA are interacting to loop out exon 7B
and approximate exons 7 and 8.47

,67 Blackarrows indicate hnRNPAl binding sites, the white
arrow indicates the binding site for ASF/SF2.

of the rat a-tropomyosin antagonizes the positiveeffectof the SR protein 9G8.66 When binding
sitesfor hnRNP Al and a SR protein arc overlapping. a single Al moleculemaybe sufficient to
abrogateSRprotein binding. which in tum should prevent the efficient recruitmentof factorsat
splicing signals. When thesesitesarcnot overlappinghowever. cooperative bindingofhnRNP Al
molecules alongthe eron has beenproposedasthe mechanism that elicitsplicingrepresslon," This
nucleation,or propagation.model(Fig.3B)wassuggested to explain howAl interfereswith U2AF
bindingat the 3' splice siteofHIV-I exons.34.67

Positive Roles for hnRNP Al and H Proteins
The hnRNP F and H proteins playdual rolesin the alternativesplicingof com. On the one

hand.thcyarcpart ofan intronicsplicingcnhanccrcomplcxwithKSRPandnPTB (seebdow) that
promotes the neuro-specific inelusionof exonNl. In nonneuronal cells, hnRNP F and H associ-
atewith KSRPand PTB to form a complexthatrepresses the inclusionofexonN1.68,69 In several
pre-mRNAs. the bindingofhnRNP F or H in an intron activates a nearby5' splicesite.52,7O,71 The
bindingofhnRNP H to an cxoncan stabilizethe interaction ofUI snRNP at a 5' splicesite.n
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In theHNRPAl pre-mRNA. twosetsofintronic blndtngsieesforhnRNP Al havebeenidenti-
fied: one downstreamof constitutiveexon7, the other downstreamof alternativeexon7B.'8.73.74
Thesesitesfavorexon7B skippingin vivoand the useofthe S'splicesiteof constitutiveexon7 on
model pre-mRNAsin vitro. Notably.replacinghnRNP Al binding sitesror hnRNP H binding
sites yields identical results.54A mechanismof action involving an interaction between bound
Al or H molecules has been proposed to explainthese results (Fig.3C). In this model.protein
interactions between the hnRNP proteins bound to the two siteswould loop out cxon 7B and
simultaneously juxtaposethe splicesitesofthe distalpairof cxonsand stimulatetheir splicing."
Consistentwith the model,theAl or H bindingelementscanbefunctionally replacedbyinverted
repeatsequences that canengagein RNA base-pairinginteractlons.P However. themechanismby
which the looped out splicesiteis repressed remainsunclear.

The looping out model is relevant to the general splicing reaction becausean interaction
between Al or H proteins bound at the ends of an intron (and possibly at other positionsof the
intron) would contribute to intron definitionbyreducingthe distanceseparatinga pair of exons.
Consistentwith this model.intronicAI or H bindingsiees canstimulatethesplicingofanenlarged
intron in vitro.54The loopingout modelalsofitswith the overrepresentation of putativeintronic
Al and H bindingsitesnearhuman splicejunctions.54.74.77and mayexplainwhyplacingG-triplets
in introns stimulatesplicing,77·78

ThebindingofhnRNPH to aG-richsequencelocatednearthe 5'splicesiteofa UI2-dependent
intron increasesun snRNP binding to the S' splice site and stimulatesspllcing," suggesting
that this model mayalsoapply to introns recognizedby the minor spllceosome,

A role for hnRNP F in general splicingis alsosupported by the observationthat depleting
hnRNP F fromanuclearextractcompromises splicing, whilethe additionofrecombinanthnRNP
Fpartiallyrescuedthisdeficiency.80 Thesamestudyreported that hnRNP Fcaninteractspecifically
with the nuclearcapbindingproteinsCBP20 and CPB80.Alsoconsistentwith agenericfunction
in splicingis the observationthat antibodiesagainsthnRNP 2H9 proteinsinhibit invitrosplicing
and that splicing-deficient nuclearextractsprepared from heat-shocked cells lackhnRNP 2H9
proteins," asseenpreviously for hnRNP M.82

hnRNP proteins have also been studied in Drosophila. Overexpression of hrp36, which is
similar to hnRNP AI, has limited effects on alternativesplicing.83Likewise, RNAi depletion of
hrp36 affects the alternativesplicingofDscam cxon4 but not of cxon 17,or of alternativeexons
in the para and dAdarpre-mRNAs.84 Moreover, a recent microarray study indicatesthat RNAi
depletion ofhrp48, another hnRNP protein related to hnRNP AI, affects approximately 3%of
alternativesplicingevents." In contrast to what might havebeenexpectedbasedon the described
antagonismbetweenmammalianhnRNP Al and SRproteins,8onlya smallfractionof the splic-
ingcvents regulatedbyhrp36 arealsoregulatedbySRproteins dASF/SF2 and BS2.85Although
theseresultscannot ruleout indirecteffects. theysuggest that the impactof theDrosophila hnRNP
Al-relatedproteins on regulatedsplicingislimited to a subsetof pre-mRNAs.

hnRNPC
ThemarnmalianHNRPCgeneproducesthe splice Isoforms C 1and C2.Monoclonalantibod-

ies againsthnRNP C or immunodeplctionof hnRNP C inhibit splicingin vitro.86.87 The exact
function ofhnRNP C in splicingis not yet clear. First,whilehnRNP C binds to pre-mRNA in
earlysplicingcomplexes, this interactiondecreases at laterstepsofspliceosome assembly.88 Second,
although hnRNP C proteins bind to the U-richPPT of pre_mRNAs,8~.90 mutations that prevent
hnRNP C binding do not affectsplicing," On the other hand, mutations in the ~-globin PPT
that improvehnRNP C bindingalsodecreasedsplicingefIiciency.~2

AlthoughhnRNP C proteinscouldplayaroleinalternative splicing, thefactthat theseproteins
are not required for cellviability,~3 makes it unlikelythat they playan essential. nonredundant
role in constitutivesplicing.
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The KH-Domain Containing hnRNP K and hnRNP E Proteins
Although mammalian hnRNP K can interact with splicing factors such as hnRNP AI, A2,

G, L, D and U proteins, Sam68, TAF1S, SRp20, YB-I and 9G8,!>495 only two studies have as-
sociated hnRNP K with splicing activity.96.97 In Drosophila, the splicing regulatory protein PSI
can be considered an hnRNP K-like protein because it contains KH domains . PSI is expressed
only in somatic tissues and functions to repress splicing ofthe P-dement transposase pre-mRNA,
restricting P-dement transposition to the germline.60 PSI functions by binding to a pseudo-S'
splice site sequence and forming a complex with hrp48 and U1 snRNP that inhibits splicing at
the downstream authentic 5'splice site.98

For the hnRNP E proteins (E1 and El), only hnRNP El has been shown to function in
pre-mRNA splicing. hnRNP E binds to an exonic splicing silencer dement located in variable
exon 4 in the human transmembrane tyrosine phosphatase CD45 pre-mRNA (see hnRNP L)."
Although high levelsofEl repress splicing ofthisexon, this activity was not strictly dependent on
the exonic splicing silencer and El continued to bind to an inactive version ofthe dement. Thus,
the precise role ofhnRNP E2 in the splicing control ofCD45 remains to be understood.

Members ofthe hnRNP G Group
Three proteins make up the human hnRNP G group: hnRNP G or RBMX,RBMY and

hnRNP G-T. RBMYand hnRNP G-T are expressed in germ cellswhile hnRNP G is more broadly
distributed in somatic cells,hnRNP G and RBMY stimulate the in vivo inclusion ofexon 7 ofthe
SMN2 gene.l lJO This stimulation is most likely mediated byan interaction ofthe SRGY repeats in
these hnRNP proteins with the SR protein Tra2fi bound to a splicing enhancer in exon 7.llJO.102

In contrast, Tralfi and hnRNP G can antagonize one another and thiswas first uncovered in the
SK exon ofthe human a.-tropomyosin pre-mRNA. Whereas Tra2fi binds to a splicing enhancer in
the SK emn to stimulate its inclusion, hnRNP G binds to a different sequence in the same exon
to antagonize the Tralfi interaction.I03A similar antagonism between hnRNP G and Tra2fi was
observed with a dystrophin pseudo-exon.!" hnRNP G can also antagonize: the activity ofSRrp86,
a SR-rdated protein that modulates the activity ofother SR proteinS.I04,lM While SRrp86 stimu-
lates the inclwion of CD44 exon vS, hnRNP G inhibits its Inclusion and antagonizc:s the effect
ofSRrp86 in a dose-dependent manner. 106

hnRNPI or PTB
hnRNP I or PTB functions as a splicing repressor in essentially all systems that have been

studied so far(reviewed in refs. 107-109). The only case ofapparent positive regulation by PTB
concerns an alternative exon in the CGRP pre-mRNA, but this may be an indirect consequence
ofPTB negativdy regulating a nearby exon.l~, 11O

In the a-tropomyosin (a-rM) pre-mRNA, exons 2 and 3 are mutually exclusive due to the
extreme proximity ofthe branch point ofexon 3 to the 5' splice site ofexon 2.1I1Stronger splice
sites and a longer PPT lead to inclusion ofexon 3 as the default pathway in most cdls.1l2 However,
in smooth muscle cells, splicing ofexon 3 is repressed by dements located both upstream (URE)
and downstream (DRE) of this exon. l 13 As shown in Figure 4A, PTB represses exon 3 by bind-
ing to UCUU sites present in the PPT at the 3' splice site and in two overlapping copies in the
DRE.1I4PTB appears to prevent spliceosome assembly by interfering with UlAF binding at the
PPT,lI5although this modd does not takeinto account the importance of the additional down-
stream PTB binding sites.u6The need for multiple PTB binding sites has also been observed in
other mood pre_mRNAs.1I7-120

In the c-srcpre-mRNA (Fig.4B), inclusion ofthe N 1 exon is repressed in all but neuronal cells
through the cooperative bindingofPTB to CUCUCU dements upstream and downstream of
this exon.121,122 Although the position ofhigh-affinity PTB bindingsites flanking the alternative
N 1 exon resembles that of the a-TM exon 3, repression of N 1 splicing byPTB goes beyond
the mere masking of splice sites. In c-src, PTB is an essential part of a multiprotein complex
comprisinghnRNP F,68 hnRNP H,69KSRpl23associatingdownstream ofexon N 1 in a cluster of
regulatory dements called the downstream control sequence (DCS),124.125 PTB does not affect
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Figure 4. Repression of alternative splicing by hnRNP I/PTB. A) a-TM exon 3 is included in
most cells, except in smooth muscle cells where it is repressed in a PTB-dependent manner. It
is not yet known how tissue-specific repression is achieved. Repression is stronger when PTB
associates with the Raver1 protein . B) Cooperative binding of PTBaround the c-src alternative
exon Nl represses Nl inclusion in most cells by inhibiting definition of the downstream intron.
In neurons, a less repressive complex is formed when nPTB replaces PTB in the complex
comprising KSRP, hnRNP F and hnRNP H. Arrows indicate PTB/nPTB binding sites.

Ul binding to the exon Nl 5' splice site, but instead hinders U2AF binding at the 3' splice site
ofthe downstream exon and interferes with the interactions that occur between Ul snRNP and
U2AF, as part of the intron definition events .121.126 In neuronal cells, a brain-specific paralog
ofPTB. nPTB (also known as brPTB or PTBP2)1 27 can replace PTB in the complex bound
to the DCS, thereby relieving the PTB-mediated repression . Consistent with this view, nPTB
displays enhanced binding to CUCUCU elements but is lessrepressive thanPTR127Additional
tissue-specific PTB paralogs have been identified (RODll28 and the rodent smPTBI29).but their
function remains unknown.

In the case ofFas receptor pre-mRNA. PTB binds to a single site in alternative exon 6. This
binding does not alter the initial binding of Ul snRNP and U2AF to the flanking splicing
signals but prevents the Ul-mediated stimulation ofU2AF65 binding that normally occurs
during exon definition.l 30
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To explainobservationspointing to cooperationbetween PTB moleculesbound in different
introns.12.2 modelsinvokingpropagativebindingand loopingout were proposed.109.120 Propagative
binding now appearslesslikd.ygiventhat in both c-src and Fas, PTB docs not prevent the basal
interactionofsplicingfactorsbut rathercompromisessubsequentstepsinexonor intron definition.
In theloopingout model,PTB molecules bound to distinct siteswould interactwith one another
in a mannersimilarto whathasbeenproposedforhnRNP Al and F/H (Fig.2).Alternativdyand
in accordwith the possibilityof a strictlymonomericnature ofPTB,131.132 a singlePTB molecule
couldbind to eachofthesesitesthrough its multipleRRMs.133 Although loopingout an alterna-
tiveemn maynot affectthe initial recognitionofsplicesites.the conformationalchangesthatit
imposeson the pre-mRNA mayexplainwhy PTB antagonizes intron definition and stimulates
splicingbetween the distal exons,

Notably,tissueor devdopmentally regulatedproteins havebeen identifiedas modulators of
PTB activity. Forexample. changesin the ratiobetweenPTB and the antagonisticCELF proteins
(CUG-BP and ETR-3-like factors) arc involvedin the regulation ofcTnT and a-aainin spllc-
ing.I34.135 Thesamecan be saidofPTB and TlAproteinsin the splicingoftheMYPTl pre-mRNA
during smooth muscledifferentiation.l36 Alsointriguing is the contribution of the hnRNP-like
protein Raver1 which interactswith PTB.137and whoseoverexprcssion enhancesthe skippingof
a-TMexon 3 in a PTB-dependent manner.'" A recentstudy suggests thatRaver1 maypromote:
the loopingoflarge portions of a pre-mRNAby interactingwith distinct PTB molecules bound
at differentsites.ll9 Raver2isanovd memberof thisemergingfamily ofPTB-associatingproteins
but it remains to be seenifRaver2 can act asa corepressor with PTB.

Interestingly, thePTB pre-mRNAisalternativdysplicedto produceavarietyofisoforms,14O,141
one ofwhich ispromoted byPTB itselfto yidd a mRNA that is subjectto NMD degradadon,'?'
Thisappearsto be a commonconsequence ofalte:mativesplicingand isthe focusthe of the chapter
by Lareauet al.

hnRNPL
Thefirst linkbetween hnRNP Land pre-mRNAsplicingcontrolwas establishedwhenhnRNP

L was shownto function asa specific activatorofhuman endothelialnitric oxide synthase (eNOS)
splicing.142Intron 13ofhuman eNOScontainsapolymorphicCA-richregionof!4 to 44 repeats
located80 nt downstreamfrom the 5' splicesite.hnRNPL bindsspecifically to theseCA-repeats
and activates the upstream5' splicesite, CA repeatsarc prevalentthroughout the human genome
and hnRNP L stimulates the splicingof many other erons that contain these repeats in close
proximityto their 5' splicesite.143CA repeatsand presumably hnRNP L. canevenactivatecryptic
intronic 5' splicesiteswhen the repeatsarc positioned appropriatdy downstreamof thisSite.l41

A similarfunction for hnRNP L was uncoveredin the polymorphicmouseItga2 pre-mRNA.I44
In thiscase. therepeat is located approximatdy 250 nt downstreamfrom the 5' splicesite, The
21 CA repeatscharacteristic ofhaplotype 1 arc associated with moreefficientsplicingthanthe 6
CA repeatsofhaplotype 2. It is now known thatnoncodingvariations between individualscan
haveimportant consequences on pre-mRNA splicingand contribute: to human disease (refer to
chapterby Orcngo and Cooper).

hnRNP L also controls alternativesplicingof the human CD45pre-mRNA by binding to
ezonic dements in variableexons 4, 5 and 6 (refer to chapter by Lynch). Antigen activation
promotes eron skippingbyactivatingthe exonicsplicingsilencers.99.145.146 While hnRNP L, PTB
and hnRNP E2 associate: with the splicingsilencerofemn 4 in CD45. onlyhnRNP L binding is
decreasedbymutations that inactivate: the silencerelement." TheroleofhnRNP Lwas confirmed
by showingthathnRNP L promotes exon skippingin a silencer-dependent manner and that its
depletion increases exon inclusion.hnRNP L alsobinds to the silencerdements found in emns
5 and 6 and contributes to their activity.147

Themolecularmechanisms bywhichhnRNP Lmediatesthe activityofthe intronic CA repeats
in eNOSremain to beclarified. However. in the caseofthe emnic repressordements in CD45.
a recent report indicatesthat repression docsnot occur byinhibiting the bindingofsplicingfac-
tors to emn 4. Rather. hnRNP Lfavorsthe formationofan ATP-dependentcomplexcontaining
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UI and U2 snRNPs. Thiscomplex formsacross emn 4 and it inhibits the formation of splicing
complex B.I48

hnRNP L has beenshownto interactwith PTB.149 Interestingly, thisinteractionmaybe me-
diatedbya PTB-bindingmotif also presentin Raverl.139Moreover, the PTB portion involved
in this interactionis part of the minimal repressor domainofPTB.I50 Thus, hnRNP L and PTB
cooperateto control the splicing of somepre-mRNAs.

hnRNPM
Thefirst hint of a rolefor hnRNP M in splicing camefrom the observation that antibodies

specific forhnRNP Mcouldinhibitsplicinginvitro.8ZCuriously, splicing-deficlent nuclearextracts

preparedfromheat-shocked cells containno hnRNPM, asituationthat canbe explained bynot-
ingthat heatshockpromotesastrongassociation ofhnRNP M with the insoluble nuclearmatrix
fraction.8ZNormallyhowever,isoformsofhnRNP Massociatewithearlyspliceosomecompleres.!"
Theorthologousproteinin Chironomus ttntans, Hrp59,is recruitedcotranscriptionallyto nascent
pre-mRNAs through specific purine-richsequences that resemble eronicsplicing enhancers.152

hnRNPP
At leastthree proteinswith similarelectrophoretic propertieshavebeen identifiedashnRNP

P.16 However, onlyhnRNP P2hasbeen analyzedsofarandit corresponds to theoncogenicTLS/
FUSprotein. P2 canenhancedistal5' splice siteselection on the adenovirus Ela pre-mRNA.'53
Although it can interactwith hnRNP AI, SFI and SR proteins,154-156 the mechanism bywhich
hnRNP P2 modulatessplice siteselection is unknown.

hnRNPQanJR
hnRNPQ(also calledGRY-RBP, NSAPI orSYNCRIP)hasbeen foundinpurifiedfunctional

spliceosomes.l"andhasbeendescribedasanSMN-interactingprotein.158hnRNPQalso interacts
withpre-mRNAs, intron-containingsplicingintermediates andmaturemRNAsproducedduring
invitrosplicing.DepletinghnRNPQand thestructurallyrelatedhnRNPRfrom nuclearextracts

reduces splicing efficiency. whileaddingbackpurifiedproteins restores splicing activity.158 The
specific function ofhnRNP Qin alternative splicing hasnot yetbeen investigated.

Splicing Lessons from the Study ofhnRNP Proteins

DifferentStrategksfor ControllingSplicing
Althoughmuch remains to beknownabout the mechanism bywhichhnRNP proteinsfunc-

tion,somebasicmechanisticprinciples areemerging.ThebindingofanhnRNPproteinto anezon
rarely improves theinteractionofspliccosomalcomponents to theadjacent splicesites.Moreoften,
hnRNP bindingblocks splicing byoccludingthe interactionof a spliceosomal componentto an
overlappingor adjacent site(Fig. 5A). Forexample, hnRNPAI, PTBandhnRNP H interferewith
the bindingof SRproteins,U2AF and UI snRNP,respectively, to the pre-mRNA.

A modifiedversion of the occlusion mechanism involves the propagation ofhnRNP protein
alongthe pre-mRNA.Thisappears to occur when one or several high-affinity sires are flanked
byadjacentsitesoflowcr affinity (Fig.5B). Cooperative interactions would then createa zone
oflocal repression that wouldpreventthe interactionofspliceosomal components to splice sires
loeatedfarfrom the high affinityhnRNPprotein bindingsite(s)though it remains unclearhow
farpropagationcanextendfromthe siteofhigh-affinity.34 However, it is noteworthythat many
functionally relevantbindingsiresforhnRNP proteinsexistat leastin pairs. Cooperative binding
ofan hnRNP protein to multiplesiteswouldincrease the affinityand specificity of theseproteins
that haverather relaxed bindingprdl::rences (reviewed in ref 159).

A differentwayin which hnRNP proteinscanalter splicing decisions is bymodulatinginter-
actionsbetweensplicing factors that occurafter the initial eventsof spliceosome assembly. For
example, in somepre-mRNAs, PTB doesnot interferewith the initial bindingof spliceosomal
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Figure 5. Strategies used by hnRNP proteins to control splice site selection. A) Binding of
hnRNP proteins close to splicing signals can occlude the binding of factors to these signals.
Likewise, the binding of hnRNP proteins to exonic sequences can antagonize the interactions
of SR proteins with exonic splicing enhancer sequences. B)The propagation of hnRNP bind-
ing from a site of high-affinity located in an exon (in the case of hnRNP Al) may occlude the
binding of splicing factors. A similar situation has been proposed to occur when PTB binds
to an intron sequence. C) As documented for PTB (see text), an hnRNP can inhibit exon
definition when bound to an exon (left), or can inhibit intron definition when bound to an
intron (right). D) As proposed for hnRNP Al, Hand PTB, interactions between bound hnRNP
proteins may loop out portions of a pre-mRNA to promote exon skipping (left) or stimulate
intron definition (right).
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components to the splice sitesbut prevents interactions that occur duringcxon or intron definition
(Fig. 5C) (reviewed in ref 160).

Another mechanism used by hnRNP proteins to control splice site selection involves an in-
teraction between hnRNP molecules bound at distinct sites on a pre-mRNA (Fig. 5D,lc:ft). This
model was initially proposed to explain the role ofhnRNP Al in alternative splicing and has now
been extended to hnRNP H and PTB.S4.74,l09The model is attractive because it helps explain not
only the function ofhnRNP Al and H in alternative splicing but also their ability to enhance
constitutive splicing (Fig. 5D, right). The sheer number of human introns containing putative
Al or H binding sites at both ends is consistent with a general role for these proteins in intron
dcfinition.S4This mechanism may also be relevant to the minor class ofU12-dependent introns
given that 17% ofthese introns carry atleast two G-tracts within 50 nt ofthe 5' splice site.79 Thus,
these hnRNP proteins may playa role both in regulating alternative splice site selection and in
constitutive splicing.

One ofthe main challenges associated with splice site selection is to understand how the cell
ignores the multitude of pseudo and cryptic splicing signals that populate introns yet correctly
identifies authentic splice sites.Many hnRNP proteins can directly repress the use offlankingsplice
sites. Moreover, the hnRNP protein-mediated looping ofa splice site can also repress splicing,"
Thus, an additional function for hnRNP proteins may be to repress the recognition of intronic
cryptic splice sites. To help define authentic splice sites, SR proteins and other factors are delivered
to the pre-mRNA through transcriptionalcoupling{rcfcr to chapter by Kornblihtt).161The change
in RNA conformation imposed by hnRNP proteins would justapose authentic splice site pairs.
The paucity ofSR and hnRNP proteins in yeast may partially be explained by the fact that yeast
introns are rarely alternativelyspliced, arc considerablysmaller than metazoan introns and contain
Inverted repeats to facilitate their definition. I62.163

Role o/PosttranslationalModifications
Links between signal transduction and splice site selection are just beginning to be uncovered

(reviewed in refs. 164,165; refer to chapter by Lynch). While the impact ofphosphorylation of
SR proteins on their activity is well documented (reviewed in ref 166; refer to chapter by Lin
and Fu), the role ofphosphorylation in the activity ofhnRNP proteins hasnot been studied to a
similar extent,Activation ofthe MKK-3/op38 stress-signalingpathway can lead to the hyperphos-
phorylation ofhnRNP Al and its cytoplasmic accumulation which indirectly impacts alternative
splicing.167 Eleven phosphorylation sites have been identified on the hnRNP K protein.l611 hnRNP
K accumulates in the cytoplasm when phosphorylated by ERK, but an impact on splicinghas not
been documented.P" Some stimuli can induce protein kinase A to phosphorylate PTB at Ser-16
and this event forces PTB out ofthe nucleus.F? Because many hnRNP proteins shuttle between
the nucleus and the cytoplasm,171.172 wc can anticipate that a variety ofenvironmental cues and eel-
lular alarms will use signal transduction to modify hnRNP proteins in a way that impacts splicing
decisions. One ofthe future challenges will be to uncover these intricate networks ofregulation.

Arginine methylation occurs on many RNA binding proteins including hnRNP AI, A2,
K and U proteins.m-l77 Moreover, the transient ovcrexpression of an isoform of the CARMI
methyltransferase can affect splice site selection of the adenovirus EJa pre-mRNA.l78 Because
many hnRNP proteins contain arginine-rich domains that could potentially be methylated. this
modification may be used to modulate the RNA binding and protein interaction properties of
hnRNP proteins. Also, hnRNP AI, C, K, H and M can also be modified by SUMO,l79-l8O but the
exact role ofthis modification on the activity ofthese proteins is unknown.

PotentialRole ofhnRNPProteins in Transcriptional Coupling
It is now becoming apparent that splicing decisions occur cotranscriptionally {reviewed in refs.

181, 182; refer to chapterbyKornblihtt).The coupling between transcription and splicing implies
that many aspects of transcription could impact splice site selection. For example, complexes
formed at promoters may recruit specific splicing factors that determine the splicing pattern ofthe
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pre-mRNA to be transeribc:d. Moreover. for splicingunits containingmultiplecompetingsplice
sites,theintrinsic speedof the RNA polymerase, the presence ofpausingsitesand the atent of
chromatinpackingmayaffea splice siteselection.ManyhnRNP proteinshavebeen associatedwith
transcription.hnRNPKcan bindto thesingle-strandedanddoublc-strandedpyrimidine-richDNA
motifs at variouspromoters. associate with the transctiption factorsSpl and TBP and modulate
the transcription of several genes.18], l'" Chromatin-immunoprecipitation assays have revealed a
preferential association ofPTB with promoters.us hnRNP P2 can function as a transcriptional
activator86.187 and bnRNP Al hasbeen implicatedin transcriptionalconttolI8S-190 hnRNP C pro-
teinsarccomponentsofthechromatinrcmodclingcomplexoftheIi-globin locuscontrolrcgion.191

hnRNP F hasbeenfound tointcraawith TBP.192 hnRNP U (also knownasSAP-A) canassociate
with transcriptionfaaors includingthephosphorylatedcmofRNApolymerase II,I9J.I94 andcan
affea transcription.195-197 Thesefindings stronglyindicate that an important function of hnRNP
proteins is to coordinatesplicingdecisions in a cotranscriptional manner.

ConcludingRemarks
MetazoanhnRNP proteinswereoperationallydefincdasalirnitcd groupofabundantprotcins

thatefficientlycrosslinkto pre-mcsscngcrRNAs.ThenumberofhnRNP proteinsisnowste:adilyin-
creasingbecausesplicevariantsandparalogsoftheoriginalmembersarcbeingidcntificd. However.
the rules that determinemembershipto the hnRNP proteinfamilyarcambiguous; newlydescribed
proteinsarcregularlyaddedto the groupsimplybasedon their structuralsimilarity.whereasother
related proteins arc not. For example, the hnRNP protein familycould be expandedto include
theKH-domain containingproteinsNova-I, Nova-Z, KSRP. FMRI and relatedproteins.aswell
asthe RRM-domaincontainingCELE TIA and RaverproteinS.137,I98.201 Likewise. amoregeneral
definition would incorporate hnRNP-like proteins of the yeastSaccharomyces cerevisiae such as
Yralp. Yra2p. HrpIINab4. Nab2. Np13 and Tho1.202-206 In the not too distant future. it wouldbe
useful to laydown clearprinciplesthat determine membershipto the hnRNP familyand other
classes ofRNA binding proteins. Usingstructural attributes should facilitatethis classification.
but would completelychangeour current definition of what is an hnRNP protein. Nonetheless.
it is clearthat the term "hnRNP protein" is not a functionaldefinition.

Thenumerousstudiesthat haveexaminedthe association ofmetazoanhnRNP proteins with
pre-messenger RNAshaveuncovereddiverseand specific functionsfOr theseproteinsin the control
ofRNAsplicing.AbundantlyexpressedhnRNPproteinsoftencontributeto altemativc:pre-mRNA
splicingbyinhibiting splicesiteutilization.Thismode ofaction mayalso be important to repress
the use of pseudo and cryptic splicesitesthat arc found in the intmns of complexmetazoan ge-
nomes,Although manyhnRNP proteins can repress splicesite usage. the number of examples of
a positiverole for hnRNP proteins in constitutiveand alternativesplicingis increasing. In some
cases. hnRNP proteins maypromote a changein pre-mRNA conformation that encourages the
useofspecific splicesiteswhilesimultaneously repressing others.

Although alternativesplicinganddifferenttypesofposttranslationalmodificationsexpandthe
repertoireofhnRNP protein isoforms, the functionalimpactof thisdiversityremains largclyunex-
plored, Likewise. our understandingofthe cellularstrategies that usehnRNP proteins to control
splicesite choicein normal tissues and in pathologicalconditions is still extremely rudimentary.
Nonetheless.weexpea that applyingcombinationsofhigh-throughpur methods (refer to chapter
byCalarcoet al) to theseimportant questionswill rapidlyproducean insightfuldescriptionofthe
global contribution of bnRNP proteins to biologicalmechanisms. This achievementwill likely
be accompaniedby manysurprises and bynew opportunities for applyingthisknowledgeto the
benefit ofhurnan health.

Acknowledgements
WethankSherifAbou Elcla fOr commentson the manuscript.Workon mammalianalternative

splicingin the Chabot laboratoryis supported bya grant from theCanadian Institute of Health
Research. B.Chabot holds theCanada ResearchChair in functionalgenomics.



138 Alternativi!Splicingin fbi! PostgmomicEra

References
1. Johnson ]M. Castle J. Garrctt-Engele P et al. Genome-wide survey of human alternative pn:-mRNA

splicing with emn junction microarrays. Science 2003; 302(5653):2141 -2144.
2. Lipscombe D. Neuronal proteins custom designed by alternative splicing. Curr Opin Neurobiol

2005;15(3):358-363.
3. Garcia-Blanco MA. Baraniak.AP. Lasda EL.Alternative splicing in disease and therapy. Nat Biotechnol

2004;22(5):535-546.
4. Pagani F. Baralle FE. Genomic variants in emns and introns: identifying the splicing spoilers. Nat Rev

Genet. 2004;5(5):389-396.
5. Li HR. Wang-Rodriguez J. Nair TM et al.Two-dimensional transctiptome profiling: identification of

messengerRNA Isoformsignatures in prostate cancer from archivedparafiin-cmbeddedcancer specimens.
Cancer Res2006; 66(8) :4079-4088.

6. Zhang C. Li HR, Fan JB et al.Profiling alternatively spliced mRNA isoforms for prostate cancer clas-
sification. BMC Bioinformatics 2006; 7:202.

7. Will CL. Luhrmann R, SpliccosomalUsnRNP biogenesis. structure and function. Curt Opin Cd! Biol
2001;13(3):290-301.

8. Black DL. Mechanisms of alternative pre-messenger RNA splicing. Annual Rev. Biochem.
2003;72 :291-336.

9. Lavigucur A. La Branche H. Komblihtt AR et al A splicing enhancer in the human fibroncctin
alternate EDI emn interacts with SR proteins and stimulates U2 snRNP binding. Genes Dcv 1993;
7(12A):2405 -2417.

10. Wang Z, Hoflinann HM. Grabowski PJ. lntrinsic U2AF binding is modulated byemn enhancer signals
in parallel with changes in splicing activity. RNA 1995; 1(1):21-35.

11. GravclcyBR. Hertel KJ. ManiatisT. The role ofU2AF35 and U2AF65 in enhancer-dependent splicing.
RNA 2001; 7(6):806-818.

12. Kohtt ]D. Jamison SF. Will CL ee al. Protein-protein interactions and 5'-splice-site recognition in
mammalian mRNA precursors, Nature 1994; 368(6467):119-124. .

13. Zuo P. Maniatis T. The splicingfactor U2AF35 mediates ctitical protein-protein interactions in constim-
tive and enhancer-dependent splicing. Genes Dcv 1996; 10(11):1356-1368.

14. Dreyfuss G, Mamnis MJ. Pinol-Roma S, Burd CG. hnRNP proteins and the biogenesisofmRNA. Annu
RevBiochcm. 1993;62:289-321.

15. Kiledjian M. Burd CG. Gorlach Metal Structure and function of hnRNP proteins. In : Mattaj KNaI,
cd. RNA-protein interactions: Frontiers in Molecular Biology. Oxford : Oxford University Press;
1994:127-149.

16. Pinol-Rama S. Choi YD. Mamnis MJ et al. Immunopurilication of heterogeneous nuclear ribonucleo-
protein particles reveals an assortment of RNA-binding proteins . Genes Dcv 1988; 2(2):215-227.

17. Mamnis EL. Mamnis MJ. Dreyfuss G. Characterization of the major hnRNP proteins from Drosophila
melanogaster.J Cd! Bioi 1992; 116(2):257-269.

18. Mamnis MJ. Mamnis EL. Dreyfuss G. Isolation of hnRNP complexes from Drosophila mdanogaster.
J Cell Bioi 1992; 116(2):245-255.

19. Raychaudhuri G. Haynes SR, Beyer AL. Heterogeneous nuclear ribonucleoprotein complexes and
proteins in Drosophila mclanogaster. Mol Cell Bioi 1992; 12(2):847-855.

20. Choi YD. Dreyfuss G. Isolation of the heterogeneous nuclear RNA-ribonucleoprotein complex
(hnRNP): a unique supramolecular assembly. Proc Nat! Acad Sci USA 1984; 81(23) :7471-7475.

21. Matunis EL. Mamnis MJ, Dreyfuss G. Association of individual hnRNP proteins and snRNPs with
nascent transcripts. J Cd! Bioi 1993; 121(2):219-228.

22. Wurtz T, Kiselcva E, Nachcva G et al. Identification of two RNA-binding proteins in Balbiani ring
pre-messenger ribonucleoprotein granules and presence of these proteins in spccilic subsets of hetero-
geneous nuclear ribonucleoprotein particles. Mol Cd! Bioi 1996; 16(4):1425-1435.

23. Bennett M, Pinol-Roma S. Staknis 0 et al. Differential binding of heterogeneous nuclear ribo-
nucleoproteins to mRNA precursors prior to spliceosome assembly in vitro. Mol Cell Bioi 1992:
12(7):3165-3175.

24. Michaud S. Reed R. An ATP-independent compla commits pre-mRNA to the mammalian spliceosome
assemblypathway. Genes Dcv 1991; 5(12B):2534-2546.

25. Mayeda A. Helfman OM. Krainer AR. Modulation of ann skipping and inclusion by heteroge-
neous nuclear ribonucleoprotein Al and pre-mRNA splicing factor SF2/ASF. Mol Cd! Bioi 1993;
13(5):2993-3001.

26. Krccic AM, Swanson MS. hnRNP complexes: composition. structure, and function . Curt Opin Cell
Biol 1999;11(3):363-371 .

27. Mayeda A. Krainer AR. Regulation ofalternative pre-mRNA splicing by hnRNPAl and splicing factor
SF2. Cd! 1992; 68(2):365-375.



hnRNP ProteinsanaSplicing Control 139

28. Caceres ]F. Stamm S, Helfman OM et al. Regulation of alternative splicing in vivo byoverapression
of antagonistic splicing factors . Science 1994: 265(5179):1706-1709.

29. Yang X. Bani MR. Lu SJ et al. The Al and AlB proteins of hererogeneous nuclear ribonuclcopartides
modulate 5' splice site sclcction in vivo. Proc Nad Acad Sci USA 1994: 91(15):6924-6928.

30. Del Gano-Konczak F, Olive M, Gesnel MC et al, hnRNP Al recruited to an exon in vivo can function
as an cxon splicing silencer, Mol Cdl Bioi 1999; 19(1) :251-260.

31. Caputi M. Mayeda A, Ktainer AR et at hnRNP AlB proteins are required for inhibition of HlV-l
pre-mRNA splicing. EMBO J 1999; 18(14):4060-4067.

32. BUodcau PS. Domsic]K. Mayeda A et at RNA splicing at human immunoddiciency virus type 1 3'
splice site A2 is regulated by binding of hnRNP AlB proteins to an exonic splicing sUencer dement. ]
Viral 2001: 75(18):8487-8497.

33. Tange TO, Damgaard CK, Guth S et at The hnRNP Al protcin regulates HlV-l tat splicing via a
novel intron silencer clement. EMBO ] 2001 ; 20(20):5748-5758 .

34. Zhu ], Mayeda A. Ktainer AR . Exon identity established through differential antagonism between
exonlc splicing sllencer-bound hnRNP Al and enhancer-bound SR proteins. Mol Cell 2001:
8(6):1351-1361.

35. Matter N. Mar x M. Weg-Remers S er al Heterogeneous ribonucleoprotein Al is part of an CI-

on-specific splice-silencing complex controlled byoncogenic signaling pathways.] Bioi Chem 2000;
275(45):35353-35360.

36. Rooke N. Markovtsov V, Cagavi E et al, 'Roles for SR proteins and hnRNP Al in the regulation of c-src
cxon N1. Mol Cd! Bioi 2003 ; 23(6):1874-1884.

37. Hou VC, Letsch R, Gee SL et at Decrease in hnRNP AlB expression during erythropoiesis mediates
a pre:-mRNA splicing switch. EMBO ] 2002; 21(22):6195-6204.

38. Venables ]P. Bourgeois CF. Dalgliesh C et aL Up-regulation of the ubiquitous alternative splicing factor
Tra2beta causes inclusion of a germcdI-specific exon. Hum Mol Genet 2005; 14(16):2289 -2303 .

39. Pollard A]. Ktainer AR , Robson SC et at Alte:rnativc splicing of the adenylyl cyclase stimulatory G-pro-
tein G alpha(s) is regulated by SF2IASF and heterogeneous nuclear ribonucleoprotein Al (hnRNPAl)
and involves the use of an unusual TG 3'-splice Site.] Bioi Chem 2002: 277(18):15241-15251.

40. Arikan MC. Memmott ]. Brodcriclt]A et at Modulation of the membrane-binding projection domain
of tau protcin: splicing regulation of cxon 3. Brain Res Mol Brain Res 2002; 101(1-2):109-121.

41. Expert-Bezancon A, Sureau A. Durosay P et al hnRNP Al and the SR proteins ASF/SF2 and
SC35 have antagonistic functions in splicing of beta-tropomyosin cxon 6B. ] Bioi Chem 2004:
279(37):38249-38259.

42. GuU S. Ganoni R. Carrascal M et at Roles of hnRNP AI. SR proteins and p68 hclicase in c-H-ras
alternative splicing regulation. Mol Cd! Bioi 2003; 23(8):2927-2941.

43. Zhao X, Rush M. Schwartz S. Identification of an hnRNPAl-dependent splicing silencer in the human
papUiomavirus type 16 Ll coding region that prevents premature expression of the late:Ll gene.] Virol
2004; 78(20):10888-10905.

44. Princler GL. ]ulias ]G. Hughes SH et at Roles of viral and cdlular proteins in the expression of alter-
natively spliced HTLV-l pX mRNAs . Virology 2003 ; 317(1):136-145.

45. Ktess E. Baydoun HH. Bex F et at Critical role ofhnRNP Al in HTLV-l replication in human trans-
fonned T-Iymphocyces. Retrovirology 2005: 2(1) :8.

46 . Disset A, Bourgeois CF, Benmalek N et aL An exon skipping-associated nonsense mutation in the
dysrrophin gene uncovers a complex interplay between multiple antagonistic splicing clements. Hum
Mol Genet 2006; 15(6):999-1013.

47. Mayeda A. Munroe SH, Caceres]F et at Function of conserved domains of hnRNP Al and other
hnRNP AlB proteins. EMBO] 1994: 13(22):5483-5495.

48. Hutchison S. LeBel C. Blanchcm: M et at Distinct sets ofadjacent heterogeneous nuclear ribonucleopro-
tcin (hnRNP)AllA2 binding sites control 5' splice site selection in the hnRNPAl mRNA precursor.
] Bioi Chem 2002 : 277(33):29745-29752.

49. Chen CD. Kobayashi R, Hclfinan OM. Binding of hnRNP H to an exonic splicing silencer is in-
volved in the regulation of alternative splicing of the rat beta-tropomyosin gene. Genes Dev 1999;
13(5):593-606.

50. Fogel BL, McNally MT. A cellular protein. hnRNP H, binds to the negative regulator of splicing de-
ment from Rous sarcoma virus.] Bioi Chem 2000; 275(41):32371-32378.

51. ]acquenet S, Mcreau A, Bilodeau PS et al. A second cxon splicing silencer within human immunode-
ficiency virus type 1 tat exon 2 represses splicing of Tat mRNA and binds protein hnRNP H. ] Bioi
Chem 2001; 276(44):40464-40475.

52. Han K. Yeo G. An P et at A combinarorial code for splicing sUencing: UAGG and GGGG motifs .
PLoS Bioi 2005: 3(5) :cl58.



140 .A1t~veSplidngin thePosrgmomic Era

53. Pagani F. Buratti E. Stuani C et al Missense. nonsense and neutral mutations define juxtaposed
regulatory clementsof splicingin cystic fibrosis transmembrane regulatorcmn 9. J Bioi Chem 2003;
278(29):26580-26588.

54. Martinez-ContrerasR. FisctteIF. Nasim FU et al. Intronie binding sitesfor hnRNP AlB and hnRNP
FIH proteins stimulatepre-mRNAsplicing. PLoS Bioi2006; 4(2):c21.

55. Paul S. Dansithong W; Kim D et al. Interaction of muskblind, CUG-BPI and hnRNP H proteins in
DMI-associated aberrant lR splicing. EMBO J 2006; 25(18):42714283.

56. WangZ. RolishME. Yeo G et al. Systematic identificationand analysis of CIOniC splicingsilencers. Cc11
2004; 119(6):831-845.

57. Sironi M. Menozzi G, Riva L et al. Silencerdements as possibk inhibitors of pscudocmn splicing.
NucleicAcids Res 2004; 32(5):1783-1791.

58. RomanoM. Marcucci R, BurattiE et al. RcguIation of 3' splicesite sdection in the 844ins68polymor-
phism of the cystathionineBeta-synthasegene.J Bioi Chem 2002; 277(46):4382143829.

59. Buntti E. Batalk M. De Conti L et al. hnRNP H binding at the 5' splice site correlates with the
pathologicaleffeetof two intronic mutations in the NF-l and TSHbcta genes. NucleicAcidsRes2004,
32(14):42244236.

60. SiebelCW; Admon A, Rio DC. Soma-specific expression and cloningof PSI. a negative regulatorof P
dement pre-mRNA splicing. GenesDev 1995; 9(3):269-283.

61. Zahler AM. Damgaard CK, Kjcms J et al. SC35 and heterogeneous nuclear ribonucleoproteinAlB
proteins bind to a juxtaposedcmnic splicing enhancer/cmnie splicing silencer clement to regulate
HN-l tat cmn 2 splicing.J BioiChem 2004; 279(11):10077-10084.

62. Hallay H, Locker N. Ayadi L et al. Biochemical and NMR study on the competition between proteins
SC35. SRp40 and hnRNPAl at the HIV-l Tat cmn 2 splicingsite.J Bioi Chem 2006.

63. KashimaT. Manley JI.. A negative dement in SMN2 cmn 7 inhibits splicing in spinalmuscular auophy.
Nat Genet 2003, 34(4):460463.

64. Carregni L. Hastings ML, Calatco JA et al. Determinants of cmn 7 splicingin the spinal musculat
atrophy genes.SMNI and SMN2. Am J Hum Genet 2006; 78(1):63-77.

65. Cartegni L, Krainer AR. Disruption of an SF2/ASF-dcpcndcnt cmnic splicingenhancer in SMN2
causes spinal muscularauophy in the absence of SMN1. Nat Genet 2002; 30(4):377-384.

66. Crawford]B, Patton JG. Activationof {alpha} -tropomyosincmn 2 is regulatedby the SR protein 9G8
and heterogeneous nuclear ribonucleoproteins H and F. Mol Cc11 Bioi 2006.

67. Domsie]K. WangY,MayedaA et al. Human immunodeficiency virus type 1 hnRNPAlB-dcpendent
cmnic splicingsilencerESSVantagonizes binding of U2AF65 to viral polypyrimidine tracts. Mol Cc11
Bioi 2003; 23(23):8762-8m.

68. Min H. Chan RC. Black DL. The generally expressed hnRNP F is involved in a neural-specific
pre-mRNA splicingevent. Genes Dev 1995; 9(21):2659-2671.

69. Chou MY, Rooke N. Turck CW et al. hnRNPH is a component of a splicingenhancer complexthat
activatcs a C-SIC alternative cmn in neuronal cells,Mol Cc11 Bioi 1999; 19(1):69-77.

70. Garneau D. RcviI T. FisetteIFee al. Heterogeneous nudear ribonucleoprotein F/H proteins modulate
the alternativesplicingof the apoptotic mediator Bcl-z, J Bioi Chem 2005; 280(24):22641-22650.

71. Hastings ML. Wilson CM. Munroe SH. A purine-rich intronie dement enhances alternativesplicing
of thyroid hormone receptor mRNA. RNA 2001, 7(6):859-874.

72. Caputi M. Zahler AM. Determination of the RNA binding specificity of the heterogeneous nuclear
ribonucleoprotein(hnRNP) H/H'/F/2H9 family. J Bioi Chew 2001, 276(47):4385043859.

73. Chabot B, BlanchetteM. Lapierre1 et al. An intron dement modulating 5' splicesite selection in the
hnRNPAl pre-mRNAinteractswith hnRNP AI. Mol Cc11 Bioi 1997; 17(4):1776-1786.

74. BlanchetteM. Chabot B. Modulation of cmn sldppingby high-affinity hnRNP Al-binding sites and
by inrron elementsthat repress splicesite utilization. EMBO J 1999; 18(7):1939-1952.

75. Chabot B. LeBd C. Hutchison Setal. Heterogeneousnuclear ribonucleoproteinparticleAlB proteins
and the control of alternative splicing of the mammalian heterogeneous nuclear ribonuckoprotein
particle Al pre-mRNA. Prog Mol Subcc11 Bioi 2003; 31:59-88.

76. Nasim FU. Hutchison So Cordeau Metal. High-affinity hnRNP Al binding sites and dupb-forming
inverted repeatshavesimilareffects on 5' splicesite sdeetion in support of a commonloopingout and
repression mechanism. RNA 2002; 8(8):1078-1089.

77. YeoG, Hoon S. Vcnlr.arcsh B et al. Variation in sequence and organizationof splicingregulatoryde-
ments in Vertebrate genes. Proc Natl Acad Sci USA 2004; 101(44):15700-15705.

78. McCullough AJ. BergetSM. G triplets located throughout a class of smallvertebrate introns enforce
intton borders and regulatesplicesite sdection. Mol Cell Bioi 1997; 17(8):45624571.

79. McNallyLM, Ycc L. McNallyMT. Heterogeneousnuclearribonucleoprotein H is requited for optimal
Ull small nuclear ribonucleoprotein binding to a rcttoviral RNA-processing conttol elements implica-
tions for U12-dcpcndcnt RNA splicing. J Bioi Chem 2006, 281(5):2478-2488.



hnRNP Proteinsand Splicing Control 141

80. Gamberi C, Izaurraldc E, Beisel C ee at Interaction between the human nuclear cap-binding protein
complexand hnRNP F. Mol Cdl Bioi 1997: 17(5):2587-2597.

81. Mahc D, Mahl P. Gattoni Ret al. Cloning of human 2H9 heterogeneous nuclear ribonucleo-
proteins. Relation with splicing and early heat shock-induced splicing arrest. J Bioi Chcm 1997:
272(3):1827-1836.

82. GattoDiR. Mahe D, Mahl P et al.The human hnRNP-M proteins: structure and relationwith earlyheat
shock-inducedsplieingarrest and chromosomemapping. NucleicAcids Res 1996: 24(13):2535-2542.

83. Zu 1(, Sikes ML, Haynes SR et al. Altered levels of the DrosophUa HRB87F/hrp36 hnRNP protein
have limited effeet5 on alternativesplicingin vivo.Mol Bioi Cell 1996; 7(7):1059-1073.

84. Parkrw. Parisky K. Celotto AM et at Identificationof alternativesplicingregulatorsbyRNA interfer-
ence in DrosophUa. Proc Nat! Acad Sci VSA 2004.

85. BlanchetteM. Green RE. BrennerSE et at Global analysis of positive and negativepre-mRNA splicing
rcgulators in DrosophUa. Genes Dev 2005: 19(11):1306-1314.

86. Sicralrowsb H. Szer W; Furdon PJ et al.Antibodies to hnRNP core proteins inhibit in vitro splicing
of human beta-globin pre-mRNA. NucleicAcids Res 1986: 14(13):5241-5254.

87. Choi YD. GrabowskiPJ. Sharp PAet at Heterogeneousnuclear ribonucleoproteins: role in RNA splic-
ing. Science 1986: 231(4745):1534-1539.

88. Staknis D. Reed R. SR proteins promote the first specific recognition of prc-mRNA and are present
together with the VI small nuclear ribonucleoprotein particle in a general splicingenhancer complex.
Mol Cell Bioi 1994; 14(11):7670-7682.

89. Garcia-Blanco MA. Jamison SF, Sharp PA. Identification and purification of a 62,OOO-dalton protein
that binds specifically to the polypyrimidinetract of introns. Genes Dev 1989; 3(12A):1874-1886.

90. SwansonMS. DreyfussG. RNA binding specificity ofhnRNP proteins: a subset bind to the 3' end of
introns. EMBO J 1988; 7(11):3519-3529.

91. Roscigno RF. Weiner M. Garcia-Blanco MA. A mutational analysis of the polypyrimidine tract
of introns. Effects of sequence differences in pyrimidine tracts on splicing. J Bioi Chem 1993:
268(15):11222-11229.

92. Sebillon P, Bcldjord C, KaplanJC et aLA T to G mutation in the polypyrimidinetract of the second
intron of the human beta-globin gene reduces in vitro splicing d1iciency: evidence for an increased
hnRNP C interaction. Nucleic Acids Res 1995; 23(17):3419-3425.

93. Williamson OJ. Banik-Maiti S. DcGregori J et al, hnRNP C is required for postimplantation mouse
developmentbut Is dispensable for cell viability. Mol Cell Bioi 2000: 20(11):4094-4105.

94. MikulaM. Dzwonck A. Karczmarslci J et al. Landscapeof the hnRNP K protein-protein interactome.
Proteomics 2006; 6(8):2395-2406.

95. BomsztykK, Deniscnko 0, OstrowskiJ. hnRNP K: one protein multiple processes. Biocssays 2004;
26(6):629-638.

96. Expcrt-Bezancon A. Lc Caer JP, Marie J. Heterogeneous nuclear ribonucleoprotein (hnRNP) K is a
component of an intronic splicingenhancer complexthat activates the splicingof the alternativeexon
6A from chicken beta-tropomyosinprc-mRNA.J Bioi Chern 2002: 277(19):16614-16623.

97. Ulc J. Stefani G, Mde A et at An RNA map predicting Nova-dependent splicing regulation. Nature
2006: 444(7119):580-586.

98. Siebel CW, Fresco LD. Rio DC. The mechanism of somatic inhibition of Drosophila P-element
pre-mRNA splicing: multiprotein complexes at an exon pseudo-5' splicesite control VI snRNP bind-
ing. Genes Dev 1992; 6(8):1386-1401.

99. Rothrock CR, House AE, Lynch KW:HnRNP L represses exon splicingvia a regulated exoDic splicing
silencer, EMBO J 2005: 24(15):2792-2802.

100. Holinann Y, Wirth B. hnRNP-G promotes exon7 inclusionof survival motor neuron (SMN) via direct
interaction with Htra2-betal. Hum Mol Genet 2002: 11(17):2037-2049.

101. Holinann Y, Lorson CL, Stamm S et at Htra2-beta 1 stimulatesan emnic splicing enhancer and can
restorefull-length SMN expression to survivalmotor neuron 2 (SMN2). Proc Nat! Acad SciVSA 2000;
97(17):9618-9623.

102. Venables JP. Elliott OJ, Mabrova OV et at RBMY, a probable human spermatogenesis factor and other
hnRNP G proteins interact with Tra2beta and affect splicing.Hum Mol Genet 2000: 9(5):685-694-

103. Nasim MT, ChernovaTK. Chowdhury HM et at HnRNP G and Tra2beta: opposite effectson splicing
matched by antagonism in RNA binding. Hum Mol Genet 2003: 12(11):1337-1348.

104. Barnard DC, Li J, Peng Ret al, RcguIationof alternativesplicingby SRtp86 through coactivation and
repressionof specific SR proteins. RNA 2002: 8(4):526-533.

105. Barnard DC, Patton JG. Identification and characterization of a novel serine-arginine-rich splicing
regulatoty protein. Mol Cell Bioi 2000: 20(9):3049-3057.

106. Li J, Hawkins IC, Harvey CD et at Regulation of alternative splicing by SRtp86 and its interacting
proteins. Mol Cell Bioi 2003; 23(21):7437-7447.



142 Alt07l4tiv~ Splidngin tb« Postgmomic Era

107. Valcarcd ]. Gebauer F. Post-transcriptional regulation: the dawn of PTB. Curr BioL 1997;7(11):
R70S-708.

108. Spellman R, Rideau A. MatlinA. et at Regulation ofalternative splicing by PTB and associated faaors.
Biochem Soc Trans. 200S;33(Pt 3):457-460.

109. Wagner E]. Garcia-Blanco MA. Polypyrimidine traet binding protein antagonizes cxon definition. Mol
Cdl Bioi 2001; 21(10):3281-3288.

110. Lou H. Helfman DM. Gagel RF a at Polypyrimidine traet-binding protein positivelyregulates inclusion
of an alternative 3'-tcrminal cxon. Mol Cc1lBioi 1999; 19(1):78-85.

Ill. Smith CW; Nadal-Ginard B. Mutually aclusivc splicing of alpha-tropomyosin cxons enforced by an
unusuallatiat branch point location: implications for constitutive splicing. Cdl 1989; 56(5):749-758.

112. Mullen MP. Smith CW; Patton ]G et at Alpha-tropomyosin mutually aclusive cxon sdcction: com-
petition between branthpoint/polypyrimidine tractS determines dcfault cxon choice. Genes Dcv 1991;
5(4):642-655.

113. Gooding C. Roberts GC . Moreau G et at Smooth muscle-specific switching of alpha-tropomyosin
mutually exclusive cxon selection by specific inhibition of the strong default ezon. £MBO ] 1994;
13(16):3861-3872.

114. Perez I. Lin CH. McAfee]G a at Mutation of PTB binding sites causes misregulation of altcrnative
3' splice site sdection in vivo. RNA 1997; 3(7):764-778.

115. Lin CH. Patton JG. Regulation of alternative 3' splice site selection by constitutive splicing faaOts.
RNA 1995; 1(3):234-245.

116. Gooding C. Robcns GC. Smith CWoRole of an inhibitory pyrimidine clement and polypyrimidine
tract binding prorcin in repression of a regulated alpha-tropomyosin exon. RNA 1998; 4(1) :85-100.

117. Wagner E]. Garcia-BlancoMA. RNAi-mediated PTB depletion leads to enhanced aDn definition. Mol
Cdl 2002; 10(4):943-949.

118. Southby ]. Gooding C. Smith CWo Polypyrimidine tract binding protein functions as a repres-
sor ro regulate alternative splicing of alpha-actinin mutally aclusive cxons. Mol Cc1l Bioi 1999;
19(4):2699-2711.

119. AshiyaM. Grabowski PJ. A neuron-specific splicing switch mediated by an array of pre-mRNA repres-
sor sites: evidence of a regulatory role for the polypyrimidine tract binding protein and a brain-specific
PTB counterpart. RNA 1997; 3(9):996-1015.

120. Amir-AhmadyB. Boutz PL. MarIrovtsov V a atExon repression bypolypyrimidinetract binding protein.
RNA 2005; 11(5):699-716.

121. Chan RC. BlackDL. The polypyrimidine tract binding protein binds upstream ofneural cdl-spccificc-src
cxon Nl to repress the splicing of the Inrron downsrrcam. Mol Cell Bioi 1997; 17(8):4667-4676.

122. Chou MY, Underwood ]G. Nikolic] a at Multisite RNA binding and releaseofpolypyrimidine tract
binding protcin during the regulation of c-src neural-specificsplicing. Mol Cc1l2000; 5(6):949-957.

123. Min H. Turek CW; Nikolic]M a at A new regulatory protein . KSRP. mediates cxon inclusion through
an intronic splicing enhancer. Genes Dcv 1997; 11(8):1023-1036.

124. Black DL Activation ofc-src neuron-spccilic splicing byan unusual RNA clement in vivo and in vitro.
Cc1l 1992; 69(5):795-807.

125. Modafferi EF. Black DL A compla intronic splicing enhancer from the c-src prc-mRNA activates
inclusion of a heterologous emn, Mol Cell Bioi 1997; 17(11):6537-6545.

126. Sharma S. FaUckAM. BlackDL. Polypyrimidinetract binding protein blocks the 5' splicesite-dependent
assemblyofU2AF and the prcspliccosomal E complex. Mol Cdl200S; 19(4):485-496.

127. Markovuov V. Nikolic ]M. Goldman ]A a aL Cooperative assembly of an hnRNP complex in-
duced by a tissue-specific homolog of polypyrimidine tract binding protein. Mol Cell Bioi 2000;
20(20) :7463-7479.

128. Yamamoto H. Tsubhara K. Kanaoka Y ee at Isolation of a mammalian homologue of a fusion yeast
differentiation regulator. Mol Cc1lBioi 1999; 19(5):3829-3841.

129. Gooding C. Kemp p. Smith CWo A novel polypyrimidine tract-binding protein para/og expressed in
smooth muscle cclls.] Bioi Chem 2003; 278(17):15201 -15207.

130. Izquierdo ]M. Majos N. Bonnal S a at Regulation of Fas alternative splicing by antagonistic effeeu of
TIA-l and PTB on exon dc£nition. Mol Cdl 2005; 19(4):475-484.

131. Monic TP. Hernandez H. Robinson CVa at The polypyrimidine tract binding protein is a monomer.
RNA 2005; 11(12):1803-1808.

132. Paoukhov MY. Monic TP. Allain FH a at Conformation of polypyrimidine tract binding protein in
solution. Structure 2006; 14(6):1021-1027.

133. Obcrsrrass FC. Auwcrer SD. Em M a at Structure of PTB bound to RNA: specific binding and
implications for splicing regulation. Science 2005; 309(5743):2054-2057.

134. Charla BN. Logan P. Singh G a at Dynamic antagonism between ETR-3 and PTB regulates cell
rypc-specific alternative splicing. Mol Cdl 2002; 9(3):649-658.



hnRNP Proteins andSplicing Control 143

135. Gromak N. Matlin AJ. Cooper TA et aL Antagonistic regulation of alpha-actinin alternative splicing
by caF proteins and polypyrimidine uaet binding protein. aNA 2003: 9(4):443-456.

136. Shu1da S. Del Gatto-Konaak F. Brcathnach Ret aLCompetition ofPTB with TIA proteins for binding
to a V-rich cis-elementdetermines tissue-specific splicingof the myosin phosphatase targeting subunit
1. RNA 2005: 11(11):1725-1736.

137. Huttdmaier S. illenberger S. Groshcva I et al. Raverl, a dual compartment protein. is a ligand for
PTB/hnRNPI and micro61ament attachment proteins, J Cell Bioi 2001: 155(5):775-786.

138. Gromak N. Rideau A. SouthbyJet aLThe PTB interacting protein raverl regulatesalpha-tropomyosin
alternativesplicing.EMBO J 2003: 22(23):6356-6364.

139. Rideau AP. Gooding C. Simpson PJ et aL A peptide motif in Raverl mediates splicingrepressionby
interaction with the PTB RRM2 domain. Nat Suucr Mol Bioi 2006: 13(9):839-848.

140. Wollcrton MC. Gooding C. Robinson F et aL Differenrialalternative splicing aaivity of isoforms of
polypyrimidineuaet binding protein (PTB). RNA 2001: 7(6):819-832.

141. Wollcrton MC. Gooding C. Wagner EJ et aLAutoregulation of polypytimidine tract binding protein
by alternativesplicing leading to nonsense-mediated decay. Mol Cell 2004: 13(1):91-100.

142. Hui J. Stangl K. Lane WS et aL HnRNP L stimulates splicing of the eNOS gene by binding to
variable-length CA repeats. Nat Suucr Bioi 2003: 10(1):33-37.

143. Hui J. Hung LH. Hciner MetaL Introuic CA-repeat and CA-rich elements: a new class of regulators
of mammalianalternativesplicing.EMBO J 2005: 24(11):1988-1998. .

144. Chcli Yo KuniekiTJ. hnRNPL regulates diH'crences in expression of mouse integrin alpha2beta1.Blood
2006: 107(11):4391-4398.

145. Rothrock C. Cannon B. Hahm B et aLA conservedsignal-responsive sequence mediates activation-in-
duced alternativesplicingof CD45. Mol Cell 2003: 12(5):1317-1324.

146. Lynch KW; Weiss A. A model system for activation-induced alternative splicingof CD45 pre-mRNA
in T-cclls implicates protein kinase C and Ras. Mol Cell Bioi 2000: 20(1):70-80.

147. Tong A. NguyenJ. LynchKW.Differentialexpression of CD45 isofonns is controlled bythe combined
activity of basal and inducible splicing-regulatory elements in each of the variableemns, J Bioi Chem
2005: 280(46):38297-38304.

148. House AE. LynchKW.An exanic splicingsilencerrepresses spliceosome assembly aficrATP-dependent
exon recognition. Nat Struct Mol Bioi 2006: 13(10):937-944.

149. Hahm B. Cho OH. Kim JE et al. Polypyrimidine uaet-binding protein interactswith HnRNP L. FEBS
Lett 1998: 425(3):401-406.

150. Robinson F. Smith CW: A splicing repressor domain in polypyrimidineuaet-binding protein. J Bioi
Chem 2006: 281(2):800-806.

151. Kafasla p. Patrinou-Georgoula M. LewisJD et aLAssociationof the 72174-kDa. proteins, membersof
the heterogeneous nuclear ribonucleoprotcin M group. with the pre-mRNA at early stagesof spliceo-
some assembly. Biochem J 2002: 363(Pt 3):793-799.

152. KieslerE, Hase ME. Brodin D et aLHrp59. an hnRNP M protein in Chironomus and Drosophila,binds
to emnic splicingenhancers and is required for expression of a subset of mRNAs.J Cd! Bioi 2005:
168(7):1013-1025.

153. Hallier M. Lcrga A. Bamache SetaL The transcription factor Spi-l/PU.l interacts with the potential
splicingfactor TLS. J Bioi Chem 1998: 273(9):4838-4842.

154. YangL. Embree LJ. Tsai SetaL Oncoprotein TLS interacts with serine-arginineproteins involved in
RNA splicing.J Bioi Chem 1998: 273(43):27761-27764.

155. Zhang D. Palcy AJ. Childs G. The transcriptional repressor ZFMl interacts with and modulates the
ability ofEWS to activate transcription. J Bioi Chem 1998: 273(29):18086-18091.

156. Zinszner H. Albalat R, Ron D. A novel effectordomain &om the RNA-binding protein TLS or EWS
is required for oncogenic transformation by CHOP. Genes Dcv 1994: 8(21):2513-2526.

157. Neubauer G. King A. RappsilberJ et al Massspectrometry and EST-databasesearchingallowscharac-
terization of the multi-protein spliceosome complex.Nat Genet 1998: 20(1):46-50.

158. Mourclatos Z. Abel L. YongJ et aL SMN interacts with a novel family of hnRNP and spliceosomal
proteins. EMBO J 2001: 20(19):5443-5452.

159. Singh R, Valcarcel J. Buildingspecificity with nonspecificRNA-binding proteins. Nat Struct Mol Biol
2005:12(8):645-653.

160. Spellman R. Smith CWo Novel modes of splicing repression by PTB. Trends Biochem Sci.
2006:31(2):73-76.

161. Das R, DuIUK. RomneyB et aLFunctionalcouplingof RNAPII transcription to spliceosome assembly.
Genes Dcv 2006: 20(9):1100-1109.

162. Charpentier B. Rosbash M. Inrramolecular structure in yeast introns aids the early steps of in vitro
spliceosome assembly. RNA 1996: 2(6):509-522.



144 AltunatilJt! Splicing in the POltgenomicEra

163. Newman A. Specific accessory sequences in Saccharomyces ccrcvisiae introns control assembly of
prc-mRNAsinto spliccosomcs. EMBO J 1987, 6(12):3833-3839.

164. Shin C. Manley JL. Cell signallingand the control of pre-mRNA splicing. Nat Rev Mol Cell BioL
2004,5(9):727-738.

165. BlausteinM, Pdisch F.TanosT. et at Concerted regulation of nuclear and cytoplasmicactivities of SR
proteins by AKT. Nat Sttuet Mol Blol, 2oo5,12(12):1037·1044.

166. Gravdey BR. Soning out the complexityofSR protein functions. RNA. 2000,6(9):1197-1211.
167. van der Hooven van Oordt W; Diaz-MccoMT. Lozano J et at The MKK(3/6) ·p38.signalingcascade

alters the subcellulat distribution of hnRNP Al and modulates alternative splieing regulation. J Cell
Bioi 2000, 149(2):307-316.

168. Mikula M. Karczmarski J, Dzwondc A et at Casein kinascsphosphorylate multiple residues spanning
the entire hnRNP K length. BiochimBiophysActa 2006, 1764(2):299-306.

169. Habdhah H. Shah K. Huang L et al, ERK phosphorylation dtives cytoplasmic accumulation of
hnRNP-K and inhibition of mRNA translation. Nat CellBioi 2001; 3(3):325-330.

170. Xie J. LeeJA. KressTL et at Protein kinaseA phosphorylation modulates transport of the polypyrimi-
dine tract-binding protein. Proc Nad Acad Sci USA 2003, loo(15):8776-8781.

171. Pinol-Roma S. DreyfussG. Shurtling of pre-mRNA binding proteins between nucleus and cytoplasm.
Nature 1992, 355(6362):730-732.

172. MichaelWM. Choi M, DreyfussG. A nuclearaport signalin hnRNP AI: a signal-mediated, temper-
arure-depeadent nuclear protein aport pathway. Cell1995; 83(3):415-422.

173. Kim S. Merrill BM. Rajpurohit Ret at IdentificationofN(G)-methylargininc residues in human het-
erogeneousRNP protein AI: Phe/Gly.Gly.Gly.Arg-Gly-Gly.Gly/Phe is a preferred recognition moti£
Biochemistry1997; 36(17):5185-5192.

174. Liu Q, DreyfussG. In vivo and in vitro arginine methylation of RNA-bindingproteins. Mol Cell Bioi
1995; 15(5):2800-2808.

175. Herrmann F. Bossert M. Schwander A et at Atginine methylation of scaffold attachment factor
A by heterogeneous nuclear ribonucleoptotein particle-associated PRMTI. J Bioi Chern 2004;
279(47):48774-48779.

176. Ostareck-Lederer A. Ostareck DH. RucknagelKP et at Asytumetric arginine dimethylation of herere-
geneous nuclear ribonucleoprotein K by protein-arginine methyltransfctasc: I inhibits its interaction
with c-Src, J Bioi Chem 2006; 281(16):11115·11125.

177. Nichols RC. WangX\v, TangJ et at The RGG domain in hnRNP A2 affects subccllulat localization.
Exp Cell Res2000; 256(2):522·532.

178. Ohkura N, TakahashiM. Yaguchi H et at Coaetivator-associatcd argininemethyltransfcrase 1. CARMI.
affects pre-mRNA splieingin an isofonn-spcci6.c manner.J Bioi Chem 2005; 280(32):28927-28935.

179. Vassilcva MT. MatunisMJ. SUMO modificationofheterogcneous nuclearribonuclcoproteins. Mol Cell
Bioi 2004, 24(9):3623·3632.

180. Li T. EvdokimovE. Shen RF et al. Sumoylationof heterogeneousnuclear ribonucleopreteins, zinc fin-
get proteins and nuclearpore complex proteins: a proteomic analysis. Proc Nad Acad Sci USA 2004,
101(23):8551.8556.

181. Komblihtt AR. Promoter usageand alternativesplicing.Curr Opin Cell BioL2oo5;17(3):262·268.
182. BentleyDL. Ru1cs of engagement: co-transcriptionalrecruitmentofpre-mRNAprocessing facton. Curr

Opin Cell BioL 2005;17(3):251-256.
183. Wei CC. Zhang SL. Chen YW et at Heterogeneousnuclear ribonucleoprotein k modulates angioten-

sinogen gene expression in kidney cells. J Bioi Chem 2006, 281(35):25344-25355.
184. Moumen A. MastersonP. O'Connor MJ et at hnRNPK: an HDM2 target and transcriptionalcoaetiva-

tor of p53 in responseto DNA damage.Cell 2005; 123(6):1065-1078.
185. Swinburne lA, Meyer CA. Liu XS et at Genomic localization of RNA binding proteins reveals links

between prc-mRNA processingand transctiption. Genome Res2006; 16(7):912-921.
186. Uranishi H, TetsukaT, Yamashita M et al. Involvementof the pro-oncoprotcin TLS (translocated in

liposarcoma) in nuclear factor-kappa B p65-mcdiated transcription as a coactivator. J Bioi Chem 2001;
276(16):13395·13401.

187. LawW]. Cann KL. Hicks GG. TLS. EWS and TAFI5: a model for transcriptional integration of gene
expression. BriefFunet Genomic Proteomic 2006, 5(1):8·14.

188. Gao C, Guo H. Mi Z et at 'Iranscripdonal regulatoryfunctions of heterogeneous nuclear ribonucleo-
protein-U and -Al B in endotoxin-mediated macrophage expression of osteopontin. J Immunol 2005,
175(1):523-530.

189. Xia H. Regulation of gamma-fibrinogen chain expression by heterogeneous nuclear ribonucleoprotein
AI. J Bioi Chern 2005; 280(13):13171·13178.



hnRNPProteins and SplicingControl 145

190. Das S, Ward SV, Marlde D ee al, DNA damage-binding proteins and heterogeneous nuclear ribo-
nucleoprotein Al function as constitutive KCS dement components of me interferon -inducible
RNA-dependent protein kinase promoter. J BioI Chem 2004; 279(8):7313-7321.

191. Mabajan MC. Narlikar GJ, Boyapary G et at HeterogeneousnuclearribonucleoproteinCl/C2, MeCPl
and SWl/SNF fonn a chromarin rcmodding complexat me beta-globin locuscontrol region. Proc Nat!
Acad Sci USA 2005: 102(42):15012-15017.

192. YoshidaT, Makino Y,Tamura T. Associationof me rat heterogeneousnuclear RNA-ribonucleoprotein
F with TATA-binding protein. FEBSLett 1999; 457(2):251-254.

193. Mattern KA, van Goethem RE, de Jong L et at Major internal nuclear matrix proteins arc common to
different human cdl types.J Cd! Biochem 1997; 65(1):42-52.

194. Hagee GL, NagaichAK. Johnson TA er at Dynamicsof nuclear receptor movement and transcription.
Biochim BiophysActa 2004; 1677(1-3):46-51.

195. Kim MK. Nikodem VM. hnRNP U inhibits carboxy-tenninaldomain phosphorylation byTFIIH and
represses RNA polymerase II elongation. Mol Cd! BioI 1999; 19(10):6833-6844.

196. Kuka1ev A, Nord Y, Palmbcrg C et at Acrin and hnRNP U cooperate for productive transcription by
RNA polymerase IL Nat Scruct Mol BioI2005; 12(3):238-244.

197. SpraggonL, Dudnakova T. SlightJet aI.hnRNP-U directly interacts with WTl and modulatesWTl
transcriptional activation. Oncogene 2006.

198. Beck AR. Medley QG, O'Brien S et aJ. Structure. tissue distribution and genomic organization
of me murine RRM-type RNA binding proteins TIA-l and TIAR. Nucleic Acids Res 1996;
24(19):3829-3835.

199. BarrcauC. PaillardL, McrcauA et al, MammalianCELF/Bruno-likc RNA-bindingprotcins: molecular
charactcristics and biologicalfunctions. Biochimic2006: 88(5):515-525.

200. Han J, Cooper TA. Identification of CELF splicing activation and repressiondomains in vivo. Nuclcic
Acids Res2005; 33(9):2769-2780.

201. Kleinhenz B, Fabicnkc M, Swiniarsld S et aI. Raver2, a new member of me hnRNP family. FEBSLett
2005; 579(20):4254-4258.

202. Kim Guisbert K, Duncan K, Li H er at Functional specificiry of shuttling hnRNPs revealed by
genomc-wide analysis of their RNA binding profiles. RNA 2005; 11(4):383-393.

203. Stutz F.BachiA. DocrksT et at REF. an evolutionaryconservedfamilyofhnRNP-Jikc proteins.interacts
with TAP/Mcx67p and participates in mRNA nuclear aport. RNA 2000; 6(4):638-650.

204. ZcnlduscnD. VinciguerraP.Strahm Y et at The yca.t hnRNP-Likcproteins Yralp and Yra2p participate
in mRNA aport tbrough interacrion with Ma67p. Mol Cd! Bioi 2001; 21(13):4219-4232.

205. PrekerPJ, Guthrie C. Autoregulation of me mRNA apott factor Yralp requires indlicient splicingof
its pre-mRNA. RNA 2006; 12(6):994-1006.

206. Jimeno S, Luna R, Garcia-Rubio M et at Thol , a novel hnRNP and Sub2 provide alternativepathways
for mRNP biogenesis in yeastTHO mutants. Mol Cd! BioI2006: 26(12):4387-4398.

207. Burd CG, DreyfussG. RNA binding specificityofhnRNP AI: significance ofhnRNP Al high-affinity
binding sites in pre-mRNA splicing.EMBO J 1994; 13(5):1197-1204.

208. Del Gatto F. GesnelMC, Breatbnach R. The ann sequenceTAGG can inhibit splicing.NucleicAcids
Res 1996; 24(11):2017-2021.

209. Gorlach M, Burd CG, DreyfussG. The determinants of RNA-bindingspecificityof me heterogeneous
nuclear ribonucleoprotein C proteins. J BioIChern 1994: 269(37):23074-23078.

210. Wilusz }. Shenk T. A uridylate tract mediates d1icicnt heterogeneous nuclear ribonucleoprotein C
protein-RNA cross-linking and functionally substitutes for the downstreamelement of me polyadenyl-
ation signal Mol Cd! Bioi 1990; 10(12):6397-6407.

211. Solraninassab SR, McAfee JG. Shahied-Milam L et aI. Oligonucleotide binding specificities of me
hnRNP C protein tetramer. Nucleic Acids Res 1998; 26(14):3410-3417.

212. Laraia G. Cuesta R, Brewer G ct at Control of mRNA decay by heat shock-ubiquirin-proteasome
pathwaj, Science 1999; 284(5413):499-502.

213. Xu N, Chen CY,Shyu AB. Versatile role for hnRNP D isofonns in me difl'crcntial regulation of cyto-
plasmic mRNA turnover. Mol Cell BioI2001: 21(20):6960-6971.

214. Ishikawa F, Maronis MJ, Dreyfuss G et at Nuclear proteins mat bind me pre-mRNA 3' splice site
sequence r(UUAG/G) and me human telomcric DNA sequence d(TTAGGG)n. Mol Cd! Bioi 1993;
13(7):4301-4310.

215. Rclmann I. Hum A. Thiele H er al, Suppression of 15-lipoxygenase synthesis by hnRNP El is de-
pendent on repetitive nature of LOX mRNA 3'-UTR control element DICE. J Mol BioI 2002;
315(5):965-974.



146 .AltenuttiveSplicingin the Postgmomit: Era

216. Thisted T. LyUhov DL. Liebbaber SA. Optimized RNA targets of two closely related triple KH domain
proteins, herercgeneous nuclear ribonucleoprotein K and alphaCP-2lCL, suggest Distinct modes of RNA
recognition. J Bioi Chern 2001: 276(20):17484-17496-

217. Datar ICY, Dreyfuss G. Swanson MS. 'Ihe human hnRNP M proteins: ickntification of a methionine/
arginin~-rich repeat motif in ribonucleoproreins. Nucleic Acids Res 1993: 21(3):439-446.

218. LergaA. Hallier M, Dclva L er at Identification ofan RNA binding s~cificity for the potential splicing
factor TLS. J Bioi Chem 2001: 276(9):6807-6816.

219. Blanc Y, Navaratnam N. Henderson JO ee at Idc:ntification of GRY-RBP as an apolipoprotdn B
RNA-binding protein that interacts with both apebec-I and apobec-I complementation factor to
modulate C to U editing, J Bioi Chem 2001: 276(13):10272-10283.

220. Rossoll W; Ktoning AI(, Ohndorf UM et at Specific interaction of Smn, the spinal musculat atrophy
determinlng gen~ product, with hnRNP-R and gry-rbp/hnRNP-Q: a role for Smn in RNA processing
in motor amnsl Hum Mol Gen~t 2002: 11(1):93-105.

221. Kiledjian M. Dreyfuss G. Primary structure and binding activity of rhe hnRNP U proteim binding
RNA through RGG box. EMBO J 1992: 11(7) :2655-2664 .

222. Fackelmayer FO. Dahm K. Renz A et al. Nucleic-acid-binding propernes of hnRNP-U/SAF-A.
a nuclear-matrix protein which binds DNA and RNA in vivo and in vitro. Eur J Biochem 1994:
221(2) :749-757.

223. 'WU JY, Maniatis T. S~cific interactions between proteins implicated in splice site selection and regulated
alternative splicing. e-n 1993: 75(6}:1061-1070.

224. Akindahunsi AA. Bandicra A. Manzini G. Vcrtebrat~ hRBD hnRNP proteins . a comparative analysis
of genome, mRNA and protein ~quenc~. Comput Bioi Chem 2005: 29(1):13 ·23.

225. Buvoli M. Cobianchi F. Besragno MG et at A1temati~ splicing in the human gen~ for the core protein
Al generates another hnRNP protein. EMBO J 1990: 9(4):1229-1235.

226. Blanchetre M. Chabot B. A highly stable duplex structure ~qucsten the 5' splice site region ofhnRNP
Al alremadve aon 7B. RNA 1997: 3(4):405-419.

227. Burd CG. Swanson MS. Gorlach M et at Primary structures of the heterogeneous nuclear ribonucleo-
protein A2, Bl and C2 proteins : a dmnity of RNA binding proteins is generared by small pepdde
inserts, ProcNat! Acad Sci USA 1989: 86(24) :9788-9792.

228. Siomi H . Matunis MJ. Michael WM et at The pre-mRNA binding K protein contains a nero evolu-
tionarily conserved motif. Nucleic Acids Res 1993: 21(5):1193-1198.

229. BiamontiG. Ruggiu M, Saccone S et at Two homologous genes, originated byduplication. encode the
human hnRNP proteins A2 and AI. Nucleic Acids Res 1994: 22(11) :1996-2002.

230. Gorlach M. Wittekind M. Beckman RA er at Interaction of the RNA-binding domain of the hnRNP
C proteins with RNA. EMBO J 1992: 11(9) :3289·3295.

231. Wan L. Kim JK, Pollard VW et at Mutational definition of RNA-binding and protein-prorein interac-
tion domains of hereeogeneous nuclear RNP C1. J Bioi Chem 2001: 276(10):7681-7688.

232. McAfc~ JG. Shahied-Milam L. Soltaninassab SR et at A major determinant ofhnRNP C protein bind-
ing to RNA is a novel bZlP·1ih RNA binding domain. RNA 1996: 2(11) :1139-1152.

233. Shahkd-Milam L. Soltaninassab SR, Iycr GV et at 'Ihe heterogeneous nuclear ribonucleoprorein C
protein tetramer binds U'I, U2 and U6 snRNAs through its high affinity RNA binding domain (ehe
bZIP -llU motif). J Bioi Chem 1998: 273(33) :21359-21367.

234. Tan JH. Kajiwara Y, Shahied L et at The bZIP·1ih motifofhnRNP C directs the nuclear accumulatinn
of pre-mRNA and lethality in y~ast. J Mol Bioi 2001: 305(4) :829-838.

23. Nakidny S. Dreyfuss G. The hnRNP C proteins contain a nuclear retention s~qu~n~ char can override
nuclear apon signals. J Cd! Bioi 1996: 134(6}:1365-1373.

236. Makqcv AY,Chkheidzc AN. Liebhsber SA. A set of highly conserved RNA-binding proteins, alphaCP-l
and a1phaCP-2. implicated in mRNA stabilization. arc coespressed from an intronless gen~ and its
intron-containing para1og.J Bioi Chem 1999: 274(35):24849-24857.

237. Kil~djian M. Wang X. Liebhaber SA. Idendficadon of two KH domain protelns in the alpha-globin
mRNP stability complex, EMBO J 1995: 14(17):4357-4364.

238. LdfcrsH. Dcjgaard K. CWsJE. Characterisation of two major cellular poly{rC)-binding human proteins.
eachcontaining three K-homologous (KH) domains. EurJ Biochem 1995: 230(2):447-453.

239. Van Seuningen I. Ostrowski J. Bustdo XR ee at The K protein domain that recruits the intcrlcukin
Lrespcnsive K protein~ lies adjacent to a duster ofc-Src and VavSH3-binding sites. Implications
char K protein acts as a docking plarform. J Bioi Chern 1995: 270(45):26976-26985.

240. Makq~ AY, Liebhaber SA. Idc:ntification of two novel mammalian gc:n~ establishes a subfami1y of
KH-domain RNA-binding proteins. Genomics 2000; 67(3):301-316.

241. Dcjgaard K. Ldfcrs H. Characterisation of the nucleic-acid-blnding activity of KH domains. Different
properdes of different domains. EurJ Biochem 1996: 241(2):425-431.



hnRNP Proteinsand Splicing Control 147

242. Malr.cyc:v AY, Liebhaber SA. Thc poly{C)-binding proteins: a multiplicity of functions and a search for
mechanisms.RNA 2002: 8(3):265-278.

243. MichaelWM, EderPS. Dreyfuss G. Thc K nuclear shuttlingdomain: a navd signal for nuclear import
and nuclear aport in thc hnRNP K protein. EMBO J 1997; 16(12):3587-3598.

244. Honore B. Rasmussen HH, Vorum H et al Heterogeneous nuclear ribonucleoprotcins H. H ' and F
arc members of a ubiquitously expressedsubfamily of related but distinct proteins encoded by genes
mapping to diffctcnt chromosomes. J BioI Chem 1995; 270(48):2878Q...28789.

245. Honore B. Thc hnRNP 2H9 gene.which is involvedin the splicingreaction, is a multiply splicedgene.
Biocbim Biophys Acta 2000; 1492(1):108-119.

246. Qian Z, WduszJ. GRSF-l: a poly(A)+ mRNA bindingprotein which interactswith a CODSCrVI:d G-rich
dement. Nudcic Acids Res 1994: 22(12):2334-2343.

247. Soulard M. Ddla VallcY, Siomi MC et al hnRNP G: sequence and charaetctization of a glycosylated
RNA-binding protein. Nucleic Acids Res 1993; 21(18):42104217.

248. Le Coniar M, Soulard M, Della Vallc V et al. Localization of the human gene encoding hereroge-
ncous nuclear RNA ribonuclcoprotein G (hnRNP-G) to chromosome 6p12. Hum Gcnct 1992;
88(5):593-595.

249. Lingenfelter PA, Delbridge ML, Thomas S ec al Expression and conscrvation of processed copies of
the RBMX genc. Mamm Genome 2001: 12(7):538-545.

250. Elliott DJ. Ma K, Kerr SM et al An RBM homologue maps to the mouse Y chromosomc and is ex-
pressed in gettu cells. Hum Mol Genet 1996; 5(7):869-874.

251. Venables]p.Vernct C, Chew SL et al T-STARIETOILE: a novel relativeof SAM68 that interacts'with
an RNA-binding protein implicated in spermatogenesis. Hum Mol Genct 1999: 8(6):959-969.

252. Elliott DJ. RBMYgenes and AZFb deletions, J Endocrinol Invest 2000; 23(10):652-658.
253. Delbridge ML, Ma K. Subbarao MN et al Evolution of mammalian HNRPG and its relationship with

the putative azoospermiafactor RBM. Mamm Genome 1998; 9(2):168-170.
254. Ghetti A, Pinol-RomaS, Michad WM et al hnRNPI. the polypyrimidinetract-bindingprotein: distinct

nuclear localization and associationwith hnRNAs. Nucleic Acids Res 1992; 20(14):3671-3678.
255. Polydorides AD. Okano HJ, Yang YY et al A brain-enriched polypyrimidine tract-binding protein

antagonizesthe ability of Nova to regulate neuron-specific alternativesplicing.Proc Nad Aead Sci USA
2000; 97(12):6350-6355.

256. Hahm B, Kim YK, Kim JH et al Heterogeneous nuclear ribonucleoprotein L interacts with the 3'
border of thc internal ribosomal entry site of hepatitis C virus. J Viroll998; n(l1):8782-8788.

257. IW'asla P. Paainou-Georgoula M. Guialis A. Thc nl74-kDa polypeptides of the 70-110 S large het-
erogeneous nuclear ribonuclcoprotein complex (LH-nRNP) represent a discrete subset of the hnRNP
M protein family. BiochemJ 2000: 350 Pt 2:495-503.

258. Iko Yo Kodama TS. KasaiN et al Domain architecturesand characterization of an RNA-bindingprotein.
TLS. J BioI Chcm 2004; 279(43):44834-44840.

259. Kipp M, Schwab BL, Przybylski M er al Apoptotic cleavage of scaffoldattachment factor A (SAF-A)
by caspasc-3 occurs at a noncanonical cleavage site. J BioI Chem 2000; 275(7):5031-5036.



CHAPTER 9

Functional and Mechanistic Insights
From Genome-Wide Studies ofSplicing
Regulation in the Brain
JernejVie and Robert B. Darnell"

Abstract

W e review here results arising from the systematic functional analysis of Nova. a
neuron-specific RNAbindingprotein targetedin anautoimmuneneurologicaldisorder
associatedwith cancer. Wehavedevelopedacombinationofblochemlcal,geneticand

bioinformaticmethods to generate a globalunderstandingofNova's role as a splicingregulator.
Genome-wideidentificationandvalidationofNova target RNAshas yieldedunc:xpc:eted insights
into the protein'smechanismofactionand into the functionallycoherentroleofNovain the biol-
ogyoftheneuronal synapse. Thesestudiesprovideuswith a platformfor understanding the role
ofRNA binding proteins in tissue-specific splicingregulationand in disease.

Introduction
Sinceallcelltypes in our body sharethe sameDNA.differentialfunction mainlydepends on

cell type-specific geneexpression. The rolesofDNA-bindingprotcins in tissue-specific functions
are generally bettercharacterized than those of RNA-bindingproteins.P However. RNA offers
greatercomplexityofregulationthan DNA. Alternativesplicinghas the potential to producelarge
numbers of protein isoforms from a singlegene.more than generally found to be produced by
alternativepromoter usage. asisexemplifiedbythe caseofneurexin genes.' In addition.regulation
of RNA localizationand localizedtranslation in the cytoplasmallows for preciseregulation of
protein expression in spaceand time," Given the complexities ofneuronalfunction. it is natural
to wonder whether neuronsmight possess specific systems for RNA regulation.

At the Intersection between Cancer Cells and Neurons
Thefirstdue that neuronsmight havea unique system for regulatingRNA metabolismcame

from studiesofthe intersectionbetween cancercells andneurons.Ron Evans and colleagues wed
a medullarycarcinomaofthe thyroid tumor cellline asa model for comparative geneexpression
studies.Theyfound thata unique transcriptofthe caJatonin genewasexpressed in the tumor cell
lineand in further studies.thatthis wasan alternatively splicedisoformnormallyexpressed in the
brain.Theproteinproductofthis brain-and tumor-specific isoformwasnamedCGRP (calcitonin
generelatedpeptide).51hisstudysuggestedforthefirsttimethatthebrainpossessesitsownsystenl
to regulatealternativesplicing.In addition. it hadbeenshownthat analysisoftumor-specificgene
expression might paradoxicallyyieldinsight into ncuron-spcdficgeneexpression.
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This second insight was enended in a more systematic fashion through studies of a group
of neurological disorders termed the paraneoplastic neurological disorders {PNDs)P PND
patients present specific neurodegenerative syndromes, which can varywidely between patients
and include memory loss, blindness, cerebellar dysfunction and motor or sensory disorders. Each
set ofneurological symptoms is associated with theoccurrence ofcharacteristic tumors, present
in the patient's body, which express brain-specific proteins. Because of the blood-brain barrier,
brain-specific proteins are foreign to the immune system, which is thus able to mount an effective
immune response to neuronal antigens expressed in peripheral tumors.! While the detailsofdisease
pathogenesis remain under investigarlon," the Damelllaboratory established methods to use the
hightiter antibodies in PND patients to screen expression eDNA libraries and identify thegenes
encoding a number oftarget PND antigens.lUG

One set ofPND antigens that tumor cells consistentlyexpressare neuron-specific RNA binding
proteins. Two families ofsuch proteins were discovered by using PND antisera to screen eDNA
libraries: the Nova proteins,'! targeted in patients harboring lung or gynecologic cancers and
manifestingneurological symptoms ofexcess motor movements (-POMN) and the HuproteinsP
While the functions ofthe Hu proteins in the brain are still Incompletely understood," we have
been able to establish that Nova is only expressed in central nervous system neurons, where it
regulates alternative splicing in an interesting subset ofpre_mRNAs.14 A combination ofgenetic,
biochemical and bioinformatic studies of Nova-regulated RNAs has now established a crude
template for attempting to understand RNA binding protein function on a genome-wide scale,
which we willdiscuss bdow.

The Three Main Benefits ofSplicing Regulation in the Brain
Alternative splicing enables the limited number ofexisting genes to generate the proteomic

diversity required for neuronal structure and function. For example, each ofthe threeneurexin
genes contains multiple alternative exons and one alternative promoter, allowing for the gen-
eration of over a thousand different lsoforms.' Specific alternative neurexin isoforms at the
presynaptic neuron preferentially bind to a specific postsynaptic neuroligin isoform and this
specificity of interaction contributes to the specificity of synaptic connections A receptor 1
(NRI) subunit mRNA, with the proximal 3' splice site (C2' variants) predominating upon
activity blockade and the distal 3' splice site (CZ variants) upon increased activity.15 Splicing
ofNRl exon 20 could contribute to the regulation ofsynaptic connections .P'? W ith the use
of splicing microarrays (refer to chapter by Calarco et al) it became clear that brain-specific
regulation ofalternative splicing is at least as precisely regulated as transcription.18•

19 Analysis
ofsplicing changes in Nooet:': and Nova2-1- mouse brains using a custom Affymetrix splicing
microarray revealed that most exons were unchanged,while a smallset showed profound changes
(over 20% change in exon inclusion). Statistical analysis supported the conclusion that Nova acts
on a small, nonrandom subset ofgenes .IS Most ofthese genes are ubiquitously expressed and in
nonneuronal cells mainly function in cell-cell communication. In neurons, almost all ofthese
genes encode proteins with synapse-related functions, suggesting that by changing the splicing
patterns of these genes, Nova is able to reconfigure the ub iquitous cell-cell communication
functions for the purpose ofsynaptic communication.IS

A second benefit ofalcernativesplicing in the brain is the expansion ofthe specrrum ofresponscs
to neural activity. Splicing of numerous alternative exons hasalready been found to respond to
neuronal activity. One such example is the alternative utilization of 3' splice sites of exon 20
(previously referred to as exon 22) ofthe NMDA receptor 1 (NRl) subunit, with the proximal 3'
splice site (CZ'variants) predominating upon activity blockade and the distal 3' splice site (C2
variants) upon increased activity. IS Splicing ofNRl exon 20 could contribute to the regulation of
synaptic plasticitysince it affects traffickingofthe NMDA receptor from theER to thesynapse.ls

Interestingly, exon 20 is preceded by an alternativdy spliced exon 19 (CI domain), which also
regulates NMDA receptor localizationwhen transfected into mouse fibroblasts. zo Two other emus
shown to be regulated in response to activity are the stress axis-regulated emn (STREX) in BK
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(previouslyreferredto asSlo) potassiumchannel mRNA, which changes the firingpropertiesof
the channd21

,22 and an emn inApolipoprotein E receptor2 mRNA (Apoer2), which isrequired for
Reelln-dependene enhancementofLongTermPotentiation (LTP).23

Athird benefitofaltcmativesplicingin thebrainisthecontributiontofunctionaldiversification
amongneuronal sub-populations." One such exampleisdifferentialsplicingofcalciumchannel
N-typeCay22 (Carnalb) in nociceptive sensoryneurons.Thistypeofsensoryneuronexpresses an
isofonnCav2.2e(37a), containingauniquesequence in irsC-terminusdueto inclusionofemn 37a.
Cav2.2e(37a)channelsremain open for longerand fonn a higher densityoffunctional channels
thanthe isofonnCa.,2.2e(37b),whichisptedorninandyexprcssed inother neuronaltypes.2U5The
bestsrudiedexampleofsplicing-dependent generationofneuronaldiversityisalternativesplicing
ofDscam in Drosophila, which can potentiallygenerateover 38,000 differentisoforms (refer to
chapterbyParkandGraveley).26;l.7DifrerentneuronsexpressuniquerepertoircsofDscamisofonns28
and thisdiversityis requiredto ensurefiddity and precisionofneuronalconnectivity.29

Understanding the Nature ofProtein-RNA Interactions
An essentialfoundation in approachingRNA regulation is a derailedunderstanding of the

natureofregulatoryprotein-RNAinteractions(Fig.1).Asa firststep,wcapproachedthisproblem
byundc:rtakinginvitroRNAselectionexperimenrs, usingprotocolsestablishedby]ack.Szostakand
COlleagues.30.31 An idealizcdNovatarget RNAwas identifiedusinglongrandomRNAlibraries and
full-lengthrecombinant Novaprotein. Thisled to identification of a stem-loopRNA harboring
three repeatsofa coremotif, (UCAU)3.32Mutagenesis studiesidentifiedthe CAdinucleotide asa
criticalinvariantcomponent ofbinding, with someflexibility allowingthe flankingU nucleotide
to be replacedby a C nucleotide,generatingthe consensus Nova binding motif, YCAY. These
studieswerecomplementedby the results from a collaborationwith thecrystallography labora-
tory of StephenBurley,whoselabdelimiteda coreprotease-resistant regionsurroundingthe KH
domains that successfully formed crystalssuitablefor structure detennination. Repeatingthese
studiesin the presenceofRNAs demonstrated thatthe N0va2KH3 domain isproteaseresistant
only when Nova is bound to RNA, suggesting a role for this domain in RNA binding.33 RNA
selectionexperiments wereused again to optimize an RNA target for crystallography with the
NovaKH3 domain,34 which ledto a high resolutionX-raystructure of the NovaKH3 domain
bound to a shan hairpin containing the UCAC moti£3S This structure demonstrated that the
NovaKH domainfoldsto positionside-chain aminoacidsto preciselycontributehydrogenbond
donor/acceptors in a manner that mimicsa secondnucleicacidstrand.

Identificationofa YCAYclusterasthe in vitro Novabindingsiteencouragedus to searchfor
brain transcripts containing such clusters. Our firstvery crude approach used MierosoftWord
asa searchtool to examineby hand intronic and emnic sequences in a databaseof 350 neuronal
transcripts,which had been establishedat CSHL by Stamm and Hclfman.36We identifiedone
YCAYcluster in this databasewithin an intronic sequenceupstreamof an altemativdy spliced
emn (E3A)of the inhibitory geneglycine receptor2 (GlyR2). Generationofa minigeneencoding
thisdement and thesurroundingemns demonstratedthatin transfectedtissueculrurecells, Nova
was able to mediate an increase in inclusionofE3A, which required the intact YCAYclUSter.32

GlyR2 splicingwaslater assessed in Noosl:': miceand a consistent2-folddecrease in E3Autiliza-
tion was observed,"

ToassaythespecificityofNova action,splicingofasmall,randomlychosenpoolofalternatively
splicedtranscriptswas analyzedin theNoval-I- mousebrain.Wefound that splicingof thetested
exonswereunaffected.with the exceptionofa secondfortuitously identifiedNova-regulatedemn,
the alternativdyspliced2Lemn ofthe GAILl" transcript," Identificationofthe2Lemn was thus
independentofasearchforYCAYclusters and thisprompted abiochemicalcharacterization ofthe
dement in the GABA"transcriptableto mediatethe actionofNova.Thesestudiesidentifieda 24
nucleotidedement within the intron downstreamof the 2 Lemn ableto conferNova-dependent
splicingon a heterologous transcript and sequencingof this dement revealedthat it contains
four YCAYelements." Biochemical studiesofthis and one additionalNova regulatedemn (an
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Algorithm for genome-wide prediction of Nova's action.

Definition of YCAY clusters (SELEX, crystallography, biochemistry, CLIP).

~

Systematic identification of 48 Nova-regulated exons (splicing microarray, CLIP)

~

Define YCAY cluster scoring scheme (number, inter-motif distance , conservation)

~

RNA map: relating cluster score to position (Nova splicing silencer vs. enhancer)

The RNA map relates to the mechan isms of Nova 's act ion in vitro.

Nova regulates assembly of the early spliceosomal complex.
l):1

u ...--e::J -

The RNA map predicts the location of Nova 's action in vivo.

Genome-wide prediction of Nova-dependent splicing regulation.
~

Validation (wVko brain): Nova action correctly predited in 30/30 exons.

~

Asymmetric Nova action on splicing intermediates in 19/28 tested pre-mRNA targets.
~

Position of YCAY clusters predicts asymmetric Nova action in 19/19 pre-mRNAs.
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Figure 1. General scheme to define and validate the RNA map and relate it to the mechanisms
of Nova-dependent splicing regulation. Prior work established YCAY clusters as legitimate
target sequences for analysis, based on RNA selection, biochemistry/X-Ray crystallography"
and new methods for identification and genetic validation of Nova splicing targets.18,37,41 These
targets were analyzed by a computational procedure to define the Nova RNA map of splic-
ing regulation (upper triangle). The RNA map was related to the mechanism of Nova action
through biochemical studies in a reconstituted splicing system in vitro (circle). Two examples
illustrate Nova inhibition of exon inclusion by binding NESS2 element and blocking U1 snRNP
assembly on the pre-mRNA and Nova upregulation of exon inclusion by binding NISE2/3
element to enhance spliceosome assembly," The RNA map was able to predict the action
of Nova on new splicing targets (bottom triangle). Furthermore, quantification of splicing
intermediates in Nova double knockout brain detected 19 cases of asymmetric Nova action
on removal of the two introns flanking the alternative exons. In all of these cases, the Nova
binding site predicted by the RNA map locates to the Nova-regulated intron."
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auto-regulatedexonin the Noval transcript itsdfl9)suggested that a core clusterof at least three
YCAYmotifswascriticalin Nova-mediatedregulationof splicing.

Tosystematicallyexplorethe characteristics ofinvivoNova-RNAinteraction.wewok advan-
tage of a well establishedbiochemicalapproach.namelythe use ofUV-B irradiation to induce
covalentbonds between protein and nucleicacids.but not between interactingproteins. when
contact distancesarewithin -1 A.We appliedUV-irradiationto acutelydissectedmousebrains
and developed a method to purify the protein-RNA complex. termed CLIP (for cross-tmk-
immunoprecipitation.4O,41 Due to the covalentbond. the protein-RNA complexes are extremely
stable.allowingfor rigorouspurification. includingpartial RNA hydrolysis (to a sizeof -40-70
nucleoddes), immunoprecipitation under stringent conditions. boiling in SDS-sample buffer.
se:paration on SDS-PAGEgels and transfer to nitrocellulose: membrane.The procedure also in-
volveddirectionalligationof RNAlinkersand protein degradationbyproteinaseK. followedby
RT-PCR amplification and sequencingof the CLIP tags. CLIP gives a snapshotof in vivoNova
binding; bioinformaticsanalysis ofCLIP tagsconfirmedthat YCAYisthe onlyover-represented
motif characterizingthe in vivoNovabindingsite.However. only -10-20%ofCLIP tagsharbor
high densityYCAYclusters(containingat leastthreeYCAYmotifsin close: proximity)and these
tagswereableto predictNova's rolein splicingregulation" (and unpublisheddata).Theremaining
CLIP tags containinga lc:ss pronouncedYCAYenrichmentwerelesspredictiveof Novasplicing
function (unpublishedclara). suggestingthat invivo.Novaspendsaconsiderable amountofitstime
samplingRNAs for high affinitybinding sites. Further studieswill be required to assess whether
weakerbinding of Nova to less pronounced YCAYclustersplays a significant biologicalrole.

An RNA Map forNova-Dependent SplicingRegulation
Definition ofthe YCAYclusterwas the firststep towardsdefiningthe relation between the

position of Nova-RNAbinding and the functionaloutcome of thisinteraction.The se:cond step
required identification of a large number of Nova-regulated exons,which would allow inde-
pendent analysis ofYCAY clusterpositions within their pre-mRNAs.Systematic identification
of Nova-regulated exans becamepossiblethrough a collaborationwith Affymetrix. which had
developeda new alternativesplicingmicroarray that was itselfin need of validation.Thisproto-
type rnicroarray harbored 40.443 perfect match and mis-matchprobe setsspanning alternative
and constitutiveexans; importantly.these included probe sets for both exon-included isofortns
and the correspondingexon-skippedIsoform, Such a microarraydesignproved to be essential.
as statisticalanalysis of differences in exon inclusionor exclusion aloneyieldeda low predictive
powerof- 20%.Asaresult.wedevelopedanalgorithmtermedASPIRE.whichexploitedrecipro-
calchanges in independent probe setsto measureexan inclusionand exan exclusion for anyone
putativeNova-regulated exon,Thisapproachaffordeda substantially improvedrateofprediction
of differences in splicinglevels from the microarray data. asvalidated by independent RT-PCR
assays. In addition. rather than usingthe standard approachof calculatingfold change. wefound
that calculationof the changein fraction of exoninclusionadded to our predictivepower. Using
ASPIRE. wewereable: to validate49/49 ofour top predicted Novaregulatedexansidentifiedby
comparingNova2"l- and wildtypepostnatal day7 neocortexRNA}8

Identificationof 49 additional Nova-regulated exonsallowedus to determine genome-wide
rules that correlatethe position ofYCAY clusterswith Nova action.which we termed an RNA
map (Fig. 1).14 We developedan algorithm to score transcriptsas potential Nova targetson the
basisofYCAYclusterdensityandlocationwithin their RNA mapand usedit to searchalibraryof
alternativeexansto predict 51Nova-regulated exonsbasedon highYCAYscores.When tested in
aNoval-I- / NovaZ-l-brain.30 oftheseexonsshowedsplicingdefects. In support ofthe RNA map
validity. the positionofYCAYclusters correlatedwellwith the actionofNovaon alternativeexan
inclusion or exclusion."Clustersupstream (NISSl, NISS2) or within alternate exans (NESSI.
NESS2) predicted Nova-dependentinhibition of exon inclusion.whereas clustersdownstream
ofalternativeexans(NISE2. NISE3) predicted Nova-dependentenhancementofexoninclusion
(Figs. 1.2).Thus.a well-defined RNA bindingmap wasgenerated.in whichboth the densityand
position ofNovabinding elements predicted the functionaloutcome of Novabinding.
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Figure 2. Mechanistic implications of the RNA map. The schematic RNA map indicates the
proposed mechanisms of Nova action when binding in the vicinity or at a distance from the
alternative exon. When Nova binds in vicinity of alternative exon, local enhancement of the
proximal splice site leads to exon inclusion (via NISEl or NISE2) and local inhibition leads
to exon skipping (via NISS2, NESSl or NESS2). However, Nova action via distant sites might
involve various mechanisms, as is suggested by the cases of NISE3 and NISSl elements. Nova
action via NISE3 elements may require cooperatively with NISE2 to promote formation of
an RNA loop that brings the 5' splice site and the branch site in close proximity. Analysis
of the NISSl elements suggests at least two possible mechanisms: Nova might locally act to
enhance joining of exons flanking the alternative exon, or promote format ion of an RNA loop
that leads to skipping of the alternative exon," Further biochemical analys is will be required
to understand the potential mechanisms of Nova action via distant binding sites.

Relating the RNA Map to Mechanisms ofSplicing Regulation
Thecorrelationbetweenthe positionofYCAYclustersand Nova's actionto silence or enhance

alternativecxoninclusionwasshownto relateto Nova's mechanismofaction (Figs. 1,2).Analysis
of Nova's action on a NESS2 splicing silencerdemonstrated that Nova interferes specifically
with UI snRNP,consistentwith the location ofthe YCAYclusterin the vicinityof the 5' splice
site,whileU2 snRNP is able to assemble on theseblockedtranscripts.'? A mood wherebyNova
binding to YCAYclustersblocksaccess to the constitutivesplicingmachinery is reminiscentof
the mechanisms by which Sxl,42hnRNPA143,44 and PTB45,46 displaceU2AF65or U2 snRNP, a
mechanismNova might also use when binding in the vicinity of the 3' splicesite (NISS2 and
NESSI dements; Figs.1,2).

Nova-dependentsplicingenhancer dements are most often located in introns, either down-
streamof the 5' splicesite (NISE2; Fig. 2) or upstreamofthe branch site (NISEI, NISE3; Fig.2).
In vitro splicingassays demonstrate that Nova acts on an NISE dement to promote spliceosome
assembly.14 While splicingenhancershavemost often been associatedwith exonicscqucnces,47.SQ
in someinstancesproteinssuchasTIAl,45KSRP, hnRNP F and H,51.52Foxl and F0x251promote
spliceosome assembly by binding to intronic sequences downstream of the cxon. Interestingly,
Nova-regulatedcxonsBankedbyNISE2dements aregencrallyshorter than 50nt,14 consistcntwith
previoussuggestions'" that intronic enhancer dements are particularlyimportant for regulating
short emns, which themselves havea lowerchanceofharboringexonicsplicingenhancers.

To further explore the relation of the RNA map to the location ofNova action in vivo,we
quantifiedsplicingintermediatesin Nooal:': /NovtU.-'- brain. Theseexperimentsdemonstrated
that Novaactson the intron harboringor proximateto YCAYbindingelements, whilegenerally
havinglittleor no effecton splicingofthe other intron Bankingthe alternativecxon(Fig.1).These
resultssupport the in vitro finding that Nova acts locallyon spliceosome assembly, enhancing
splicingofthe 3' and 5' intron via NISEI and NISE2/NISE3 , respectively and silencingsplicing
ofthe 3' and 5' intron viaNISS2/NESSI and NESS2, respectively (Fig. 2).14

Thuswhen Novabindsin the immediatevicinityofan alternativeexon, the mechanisticmood
is straightforward:localenhancementofthe proximalsplicesiteleadsto cxoninclusionand local
inhibition leads to cxonskipping(Fig.2). However, when Novabinds at a distant site, its action
maybe morecomplex, assuggestedbythe cases ofNISE3 and NISS1dements (Fig.2). Ofthe 13
Nova-targetpre-mRNAswith NISE3 dements, 10also containeda NISE2 elemene,"suggesting
that Novacouldbind two sitesand multimerize33.55 to form an RNA loop, therebybringingthe 5'
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splice siteand the branchsitein close proximity. Modelsofsplicingregulation byfactors involved
in RNA loopingor bindingto multiplesiteshavebeenproposedfor brain/neural-specific PTB
(brPTB/nPTB),S6 hnRNP A/BlASTandhnRNP F/HS7 (referto chapterbyMartinez-Contreraset
al).Analysis of the NISSI elementsuggests two additionalpossible mechanisms of Novaaction.
Firstly, in caseof CP110Novamightlocally act to enhancejoiningof emns flanking the alterna-
tiveemn, which leads to skippingof thealternative emn (Fig. 2).14 Secondly, in caseof RapI
Novamight bind NISSI and anotherintronicYCAY clusterand thereby promotean RNAloop
that causes skippingof the alternative emn.14It seems lila:ly thatNovaaction at a distancefrom
the alternative emn probablyinvolves various mechanisms and that their full understandingwill
requirefurther biochemical analysis.

Pre-mRNAs containingemnsthataresilencedin thepresenceofNovamostoftendisplaysome
asymmetry of splicing intermediates evenin theabsence of Nova. In eachsuchinstance, YCAY
clusterlocationallows Novato inhibitapredeterminedrare-limitingstep foremn inclusion.These
data supportprevious biochemical studiesindicatingthat pre-mRNAs oftenfollow apreferential
splicing ordet58-62and suggest that sucha preferentialsplicing order mayallowproteins such as
Novato change asplicingoutcomebyregulating the excision ofone of the two introns thatflank
an alternative emn. Asa general approach, studiesofNovasuggest thatadetailedunderstanding
of the natureof the protein-RNAinteraction,togetherwith identification of a largesetof RNA
targets validatedin a genetic system, can becombinedwith bioinformatics and biochemistry to
identify the sitesand mechanisms of actionof alternative splicing factors.

Is CombinatorialSplicing Regulation Cooperative orAdditive?
Regulation ofneuronalsplicingofteninvolvesacombination ofseveralRNA-bindingproteins,

includingubiquitousfactors, actingin concertto determinetheinclusion levelof an alternative
emn.63-65 Thereareseveral well studiedexamples of combinatotialcontrolof neuronalsplicing,
includingthe identification ofup to 6 factors thatpromoteneuronalusage of theemn Nl in Nrc
proto-oncogenemRNA46,66 andseveral factors involved in the regulation ofgamma-aminobutyrk
adJAreceptor-gamma 2 (GAlUR-y2)orNMDARI emn 19.18J8 .52.67.68In vivo studieshaveshown
thatthe brain-specific RNA-bindingproteinN0va2isrequiredfortheinclusionofNRI emn 19,
asthis emn israrely includedin theNRI mRNAdetectedinNova2:'-forebrain.IS Evidence from
minigeneassays in cellcultures suggests thatubiquitousheterogeneous nuclearribonucleoproteins
Al and H (hnRNPAl and hnRNP H) and neuroblastoma apoptosis-related RNA-bindingpro-
tein (NAPOR. also called CUGBP2 or ETR-368

) also regulareNRI emn 19 inclusion."Loss of
forebrain-specific splicingofNRI emn 19 inNOfJa2"'- brain thussuggests that the combinatorial
controlof NRI emn 19 acts in a cooperative. rather than additivemanner, allowing the activity
of a single factor to cause a majorsplicing change.' Another example of combinatorial control is
the abilityofbrPTB to antagonize the actionof Novaon GlyRa2 emn 3Abybindingadjacent
to theNovabindingsite.9 Eventhough the largesplicingchanges inNovaI -I-/NIJ'fJa2"'- neocortex
tissuesuggest thatNovamightbetheprimaryor soleregulatory factorformanyofits target emns,
the caseof NRI emn 19 serves as an example for other emns whichNovamight regulate in a
cooperative mannertogetherwith other splicing factors.

ModularStructureofCoregulatedTranscripts
Cellularproteinnetworkscanbethought of ascomposedoffunctionalunits,or modules.70.71

The modulesencapsulate specific functionsand contain the control circuits, composed both of
negative and positive feedback, whereby the output is monitored and regulated. Indications of
modularregulationofalternative splicingwereinitiallyofferedbystudiesof sexdeterminationin
DrosophilA melanogaster.72-751heearlystudiesidentifyingGlyR2 and GAM" transcripts asNova
targets suggested the possibility that Novaactson a biologically restrictedset ofRNAs and that
thoseRNAsmight relate to the pathogenesis of theinhibitorymotor dysfunction evidentin pa-
tientswith theparaneoplastic POMA syndrome,"Unbiasedidentification andvalidation ofalarge
numberofNova-regulatedalternative emnsvia CLIP,41 splicingmicroarray" andbloinformadcs"
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confirmedthis prediction,demonstrating that alternative splicing in mammals can be regulated
in a functionally coherent,modularfashion. Analysis of splicing microarray datashowedthat all
of theproteinsencodedbyNovatarget RNAswith knownfunctionsin thebrainacteitherin the
synapse (34 out of40) and/or in axonguidance(8 out of40). Moreover, of the 35 proteinswith
knowninteractionpartners,74%(26out of35) interactwith at leastone other protein fromthe
samegroup,suggesting that theyformsynaptic functionalmodules,"

To explore the biological relevance of Nova target transcripts. we collaborated with L Jan's
groupwhodiscovered anewtypeofsynaptic plasticity:long-termpotentiationof slowinhibitory
postsynaptic currents (siPSC)mediatedbyGABAareceptors andGprotein-activatedinwardrecti-
fierpotassium channel2 (GIRK2)channels." two proteinsencodedbyRNAsthat arcNovaCLIP
targets," Moreover, LTPofsIPSCcanbepotentiatedbyactivation ofNMDA-Rsand CaMKIp6
and the RNAsencodingtheseproteinsarcNovasplldngrargets.'! Electrophysiological analysis of
CAl hippocampalneuronsshowedthat LTPofsIPSCwas specifically lost inNova-~/- neurons.
whilebasalsynaptic transmission for excitation, inhibition and LTP of excitatory postsynaptic
currentswas normal." Takentogether,thesmdyofNO~/-brainshowsthat asplicingfactorcan
regulatea specific aspectof tissue-specific functionvia a setof functionally coherentRNAs.2

Evolutionary Considerations
In the RNAworld-view, RNAmolecules werethefirstinformaticandenzymatic dual-function

molecules to arisein evolution," How then did proteins evolve to harnessthe powerofRNA?
Thisquestion is directlyapproachedwhen considering how RNA-bindingproteins evolved to
regulatealternative splicing. Our studieswith Novapoint out someinterestingissues in consid-
eringthis problem.The Novabindingsite isof rather lowcomplexity; a clusterof three YCAY
motifs within 7 nucleotides of each other should occur on average approximately once every
5,000nucleotides. Giventhat the affinityofNova for RNAincreases graduallywithan increased
numberofYCAYmotifsand that varyingthe positionofYCAYclusterwithin the RNAmapcan
changeNova'sactivity, Novasplicingsilencer and enhancerscouldevolve bystep-wise mutations.
This step-wise process would enableexons to gradually samplethe consequences of evolving a
Novabinding site and achieve an optimum outcome by changingthe position of the site and
the densityofYCAYmotifs.

Preliminaryanalysis of theevolutionary conservationofexons tharwereidentifiedasNovatar-
gets in themousebrainhasshownthat approximatelyonehalfhasgainedNova-bindingsitesduring
recenevertebrareevolutionfromfish to mammals.80Analysisofthe splicingofNova-regu1atedexans
indifferent speciessuggests thatthe introductionofYCAYclusters intothepre-mRNAmightofien
betheprimarymutationthatenabledbrain-specific splicingoftheseexans.80Alternativesplicingof
Dabl exons 7b and 7c (termed555"in aprevious studf') provides an example of the correlation
betweenevolutionofYCAYclusters and the corrcspondingexans (Fig.3).The peptidesequences
encodedbythe two exonsarc highlyrelated,suggesting a duplicationeventduring evolutioru"
interestingly, YCAY clusters wereduplicatedtogetherwith the two emns (Fig.3). Emns 7b and
7carcincludedin mRNAofprolifcratingneuronalprecursors, but areabsentfrommRNAofdif-
ferentiatedneurons,whichcorrelates with the inductionof Novaexpression (Buckanovich, Park
and Darnell,unpublishedobservation). Weobserve that the YCAY motifswithinNISS2clusters
arcmoreconserved than the sequence of erons 7b and 7c themselves (Fig. 3). indicatingthe high
selective pressure for preservingabilityof Novato silence inclusionof theseemns in brain,which
might be a prerequisite for the functionof DabI in neuronalouegrowth."

Flexibility in positionandsequence of functionalYCAYclusters mayhaveenabledevolution
to refinethe biologic coherence of transcripts harboringNovabindingsites.On the other hand.
whileindividualYCAYclusters are flexible to evolve, the NovaRNA bindingdomain is undera
stricterevolutionary constraint.Thisconstraintisessential, asmutationsalteringthe recognition
motifof Novawould simultaneously destroythe regulationof an arrayof crucialalternateemn
information.In fact, the NovaKH domainsarc98%identicalbetweenNoval and Nova2of all
vertebratespecies with sequencedgenomes" (anddata not shown), suggesting that the abilityto
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bind a YCAYmotifbecame a powerful and unalterablefacet ofNova-RNA regulation earlyin
evolution.Thisturns RNA regulationon its head in a waythatis in harmonywith the ideaofthe
RNA world:RNA remains the powerfulcmcrgingevolutionaryforce,whilethe protein regulators
takeon rolesas relativdy inert drones to mediate the regulation thatRNA demands.

An interestingquestion for the future will be to explorethe extent to which Nova might also
contribute to two other benefitsof alternativesplicingin neurons discussedat the beginning of
this review, Le., the responseto neuronal activityand generationof neuronal complexity. Analysis
ofNaval-IT and Nova~/T brains showed thatNova-regulatedexons respond to the presenceof
Nova in a dose-dependent manner and that different exonshavea different threshold for Nova
acdon," (Ruggiu, Wang and Darnell, unpublished observations).Thus, titration of Nova levels
within different neurons may generate variety in synaptic function between different types of
neurons. Correlation ofsensitivityto Nova-dependent regulationwith YCAYclusterscoresmay
provide a means of evaluatingthis notion. Furthermore, there ate many thousands of synapses
within a singleneuron and the question arises as to whether Novaregulationmight contribute to
the activity-dependentplasticityof specific synapses.Theexcitingfindingthat Novaregulates LTP
ofsIPSC,76 together with the finding that Nova is present at neuronal synapses (Darnell, Triller
et al unpublished observations),suggests thatthere mayremain yet undiscovereddimensions to
the ways in which Nova-dependent regulationofalternativesplicingin combination with other
stepsin RNA regulation mayregulateneuronal complexity.
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CHAPTER 10

Regulation ofAlternative Splicing
by Signal Transduction Pathways
Kristen W.Lynch"

Abstract

J\ijternative: splicing is now recognized as a ubiquitous mechanism for controlling gene
expression in a tissue-specific manner. A growingbody of work from the past fi:w years

begun to also highlight the existenceof networks of signal-responsive: alternative:
splicingin a variety of celltypes . While the mechanisms bywhich signaltransduction pathways
influencethe splicingmachinery arc relatively poorly understood. a fi:w themes havebegun to
emergeforhowextracellular stimulicanbe communicatedto specific RNA-bindingproteinsthat
control splicesiteselectionbythe spliceosome, Thischapterdescribes our current understanding
ofsignal-induced alternativesplicingwith an emphasis on these emergingthemes and the likdy
directionsfor future research.

Introduction
Tomaintain viability. most, ifnot all. cells within an organismmust be capableofresponding

to a changingenvironment. For example, neuronal and musclecells must respond to activation
to promote behaviorsand movement;cells in the liver. kidneyand intestinesmust regulatetheir
metabolicpathways in responseto changingnutrient and hormonal environmentsand lymphoid
cells must respond to any immune challenge to prevent or control infection. SuchHaibility re-
quiresthat individualcells havethe abilityto changefunction rapidlyand precisely in responseto
a givenstimulus.In general.cellular responsiveness is accomplished through the activityof signal
transductioncascades that transruitsignals fromthe cellsurface: to therelevantcellularmachinery,
often involving alterations in the protein compositionofthe cells.

Changesin protein expression occur through manydifferentmechanisms and muchwork has
focuscdonsignal-induccdrcgulation oftranscriptionand translation.However. in thepast fi:wycars
there has been a growingrecognitionof the importance of signal-induced changesin alternative
splicingasamechanismformediatingbiologically relevantcellular responses.Thus.theintcrfaccof
the splicingand signalingfields isan emergingareaofstudy.Thischapterfocuses on thisinterface,
with a particularemphasis on the mechanisms bywhich signaltransduction pathways affectthe
activityof splicingregulatoryproteins.Whilemuch remains to be discovered about this process,
the recent elucidationof a fi:w pathways and growinginfurmationon several others,hasbegun to
providedear paradigms forhowsignalingpathways can impingeupon thesplicingmachineryand
the biologicimplicationsof such regulation.Thesemechanisticparadigms. describedbelow, arc
grouped into categories for clarity. but it should be noted that in manycases one signal-induced
perturbation will trigger another (e.g.•phosphorylationand localization), so the groupingsbelow
arc somewhatarbitrary and should not be viewedas "either-or', but rather as allied mechanisms
that can act together to ensureaparticularfunctionaleffect on alternative splicing.

·Kristen W. Lynch-Department of Biochemistry, UT Southwestern Medical Center, Dallas,
Texas 75390-9038 , USA. Email: kristen.lynch @utsouthwestern.edu
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Molecular "Hubs" Hdp Linkthe ExtracellularWorld
to theSplicingMachinery

Toa firstapproximation, signaling cascades arethought of primarily ascytoplasmic pathways
that responddirectlyto changingenvironments andstimuliat the cellsurface. In contrastto this
cytoplasmic activity, pre-mRNAsplicing occursin the nucleus, well separated &omcell surface
receptors. However, manymembers of the SR and hnRNP splicing regulatory protein families
(roo to chapterbyLin and Fu,and Martinez-Contreras et al) shuttlebetween the nucleus and
cytoplasm, asdo other splicingfactors, proteinsthatmodifythe splicingmachineryandsignaling
proteins."?Therefore, it isnot surprising that a widevarietyof interactions havebeendescribed
bctwc:en components oftheRNAprocessingmachineryandtraditionalsignalingmolecules, many
ofwhicharediscussed below.Inparticular,afcwproteinshavegainedattentionaspotentialdocking
"hubs' that integrateand transmitmolecular informationbetweenavarietyofsignalingpathways
and the RNA processing machinery. Thesemolecular hubsincludehnRNP K and Sam68.

HnRNP K contains three KH-type RNA binding domains and typically binds to C-rich
sequences in RNA (for a review see ref. 4). Interspersed between the KH domains arc pro-
line-richregionsand sitesof tyrosinephosphorylation which,respectively, bind SH3 and SH2
domains-protein-protein interactionmotifsthat areubiquitousamongstsignalingmolccules.Not
surprisingly, hnRNP K hasbeenshownto bind to a widevarietyof signalingproteinsincluding
Yav, Src-family kinases and various PKC isoforms. In addition, the Src-kmases, PKCs,Erkl/2
andJNK can all directlyphosphorylate specific residues within hnRNP K and therebyregulate
the various protein-proteinand protein-RNAinteractions involving thishnRNP protein! The
majorityof studiesrelatedto the function of hnRNP K focus on its role in controllingmRNA
stabilityand translation in the cytoplasm. However, this protein is present in nuclearc:xtract
preparations and hasbeenfoundto interactwithotherhnRNPsandSRproteinsthat arcinvolved
in the regulationof splicing.5.6 HnRNP K has also been shownto bind splicing enhancers and
silencers within regulated pre-mRNAs? Whae a conclusive mechanistic link has not ycc been
madebetweensignalingpathways and regulated splicingviahnRNP K,it islikely that sucha link
exists.Indeed,phorbolesters, cytokines andhormonescanall inducephosphorylation ofhnRNP
K and alter its abilityto interactwith RNAsI,9 and at leastone of the RNAsto whichhnRNP K
binds is CD45,whichundergoes stimulus-regulated alccmative splicing (A.A.Meleon.],Jackson
and K.W.L. in preparation;secbelow),

Sam68 isnot acIassicalhnRNPprotein,but ratheramemberoftheSTAR(Signal-Transduction
and RNA)family ofproteinswhichcontainasingle RNAbindingKH domainaswellasmultiple
potentialbindingsitesfor SH2, SH3 andWW domains.to Sam68was firstidentified asa protein
that is tyrosinephosphorylated bySrcduring mitosisand as a protein that promotescellcycle
progression.lion Furtherstudieshavedemonstratedthat Sam68is also a targetofserine/threonine
phosphorylation, methylation and acetylation.10 Within thecytoplasm, Sam68is thought to
function asan adaptorproteinthat nucleates signalingcompl.exes proximal to several cellsurface
receptors. Sam68istyrosine phosphorylated in an inducible mannerupon activation ofthe T-cell
receptor,insulin receptor, or bystimulation of cells with leptin,leadingto increased association
withmolecules suchasPI3K,JAKs, Ras-GAP, Grb-2andPLC-l andtheactivationofdownsercam
effectorpathways.lo.l.

Sam68 also interactswith a variety of splicing factors. includingseveral hnRNPs and other
STARproteins,aswell aswith proteinsinvolved in cranscription:o.l4J5Within the nucleus, the
adaptorfunctionofSam68likelycontributes to its abilityto promotesignal-induced splicing, as
indicatedbyrecentstudieslinkingSam68 to the signal-responsive inclusion of the CD44variable
cmn 5.15-17CD44encodes a cellsurface glycoprotein that is involved in cell migration, invasion
and proliferation.IIThe c:xtracd1ular domainof CD44 isencoded, in part, byten variable cmns
that areinduciblyincludedupon antigenstimulationofT-cells througha pathway involving the
activation of the MAPkinase pathway(Ras-Raf-MEK-Erk).19,20Work&Omseveralgroups studying
the inducedinclusionof CD44variable cmn 5 (CD44vS) hasled to the formulation of a model
in which,upon stimulation, Sam68 bindsto an ESEwithin CD44vS togetherwiththe SR-rclated
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Figure1. Model of the activity of the adaptor proteins Sam68 in the signal-induced regulation
of CD44. Activation of the Ras-Raf-MEK-Erk pathway by various stimuli leads to phosphoryla-
tion of Sam68 by Erk. This phosphorylation of Sam68 and/or other Erk-dependent modifica-
tions (indicated by "7") leads to Sam68 binding to CD44 variable exons (grey boxes) along
with SRm160 ("m160") which promotes assembly of spliceosomal components (blue ovals)
on these exons. S~m68 also interacts with the Swi/SNF chromosome remodeling complex
which causes slowing of RNA polymerase II (Pol II) elongation, thus further promoting use
of weak exons.

protein SRm160(seeFig. 1).1 6.17 Sam68then alsointeractswith the Brmsubunit of the Swi/SNF
chromatin remodelingcomplex, thus stalling RNA polymerase II and promoting the inclusion
of weakexons(seeref. 15 and discussion of transcription-coupledsplicingbelow, and chapter by
Kornblihu). How activationofthe MAP kinasepathwayinduces thisSam68-dependent regula-
tion isnot yet fullyunderstood. Erk isknown to phosphorylateSam68, howevermutation ofthe
putativephosphorylationsiteson Sam68onlymarginallydecrcascs its abilityto enhance CD44v5
Inclusion," suggesting that there must be other molecularlinksbetween Ras activation and the
Sam68/SRmI60/Brm complex.Finally, the Sam68-rdatedproteinsSLM-l and SLM-2havebeen
shownto haveactivities similarto that ofSam68,both in termsofprotein-protein interactionsand
CD44 splicing. Thissuggests that manyor allmembersof the SURfamilymayserveasmolecular
linksto alter splicingin responseto extracellularstimuli.10-21

Posttranslational Modifications ofSplicing Machinery
Signalingmoleculescan directly interact with and influencemany other components of the

splicingmachinery.As discussed in the chaptersbyLin and Fu,and Martinez-Contreras et al,the
regulation of splicingis often achievedby the action of SR and hnRNP proteins. Theseproteins
bind to sequences within and flankingalternativeexons(Le.,ESEs, ESSs, ISEs,ISSs)and promote
or inhibit spliceosome assembly at the nearbysplicesites(refer to chapter by Chasin). It follows
then that changingthe activityof thesesplicingfactorsbyposttranslationalmodificationsislikely
a majormechanismfor altering splicingpathways.
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The activity ofthe SR family ofsplicing factors is strongly influenced by the phosphorylation
state of these proteins. which cycles during the splicing reaction and in response to a variety of
stimuli and cell cycle conditions.22•2lI At least four different kinase families have been shown to

phosphorylate SR proteins. The most specific of these is the SRPK family. which includes two

closely related SR protein kinases, SRPKI and SRPK2. These proteins bind to a unique "docking
site" within SR proteins that both confers substrate specificity and restricts the catalytic activity
to the N-terminal halfofthe RS domain, thereby resulting in a partially or hypophosphorylated
protein."The Clk famUyofdual-specificitykinases alsophosphorylate members ofthe SR protein
famUy, butwith significantlyreduced substrate specificitycompared to the SRPKs.~,30 Importantly,
in contrast to the limited range ofSRPK phosphorylation sites on SR proteins, the Clk family
ofkinases are able to phosphorylate the entire RS domain to yidd a hyperphosphorylated form
of SR proteinS.2,.31 Thus, the SRPK and Clk families ofkinases have differential effects on SR
protein function (see below). Finally, both Topoisomerase I and Akt have also been shown to
phosphorylate SR proteins. These enzymes phosphorylate overlapping sites that are likely to be
distinct from the optimal phosphorylation sites ofthe SRPKs and Clks.32-35The activity ofall of
these SR kinases is presumably countered by phosphatases, with at least PPI and PP2A having
been shown to function on SR proteins and/or berequired for splicing.36-38

HnRNP proteins, aswell asother non-SR splicing factors. can also be modified by phosphory-
lation, methylation, SUMOyiation and acetylation, although the enzymes responsible for such
alterations have only been desctibed for the first two of these modifications.3'-l2 PKA, Casein
Kinase II and Mnkl/2 have been shown to phosphorylate hnRNP IIPTB,hnRNP C and hnRNP
AI, respectivdy,43-46 while the PRMT family of methyltransferases modify many of the RGG
box-containing hnRNPs.42 While much remains to be learned with respect to the mechanisms
by which these posttranslational modifications ofSR, hnRNP and other splicing proteins change
in response to extracellular stimuli and influence specific alternative splicing patterns, many
groups have now correlated changes in the phosphorylation ofSR and hnRNP proteins with the
signal-induced regulation ofseveral alternative splicing events.

A well described system in which phosphorylation ofan SR protein mediates signal-induced
changes in splicing is the insulin-induced inclusion of the variable ~II exon within the PKCfJ
gene Y This induced change in the alternative splicing ofPKCp results in the expression of a
PKC~ isozyme that is necessary for glucose uptake and is thus a critical aspect of the cellular
response to insulin.4M8Inclusion ofthe ~II exon is dependent on the activity ofSRp40, an SR
family protein, which binds to an intronic sequence downstream ofthe regulated exon.34•., Upon
insulin treatment the PI-3 kinase (PI3K) pathway activates Akt which in turn phosphorylates
SRp40 on a specific serine residue (Ser86) (see Fig. 2) . Blocking ofPI3K, Akt, SRp40, Ser86,
or the binding site for SRp40 within the PKCfJgene allabolish the ability ofinsulin treatment
to induce PKC~II expression. 34M •50 However, it has yet to be determined how phosphoryla-
tion of SRp40 leads to increased exon inclusion; namely, whether phosphorylation of Ser86
increases the association ofSRp40 with the PKCfJpre-rnRNA, or rather increases the ability
ofSRp40 to activate exon inclusion via interactions with other splicing factors once it is bound
to the pre-rnRNA.

A second system in which phosphorylation of SR proteins is linked to changes in splicing
is in the growth factor-induced alternative splicing of the fibronectin EDA exon." In this case,
phosphorylation of the SR proteins SF2/ASF and 9G8 , again through the PI3K1Akt pathway,
induces inclusion ofEDA (see Fig. 2).35 Importantly, phosphorylation ofSF2/ASF or 9G8 by the
Clkor SRPKfamUy members have opposite effectson EDAsplicing, thus providingevidence that
the various SR kinases target different residues within SR proteins to achieve distinct functional
consequences.P A second interesting aspect of the effect ofAkt on SR proteins noted in th is
study is that this phosphorylation not only alters the activity ofSRproteins in mediating splicing,
but also influences the activity ofSR proteins in translation." Thisdual effect ofAkt-dependent
phosphorylation implies that alternative splicing is only one of several possible steps in RNA
metabolism that can be affected by signal-induced phosphorylation ofSR proteins.
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Figure2. Modelforsignal-inducedregulationofalternativesplicingviadirect phosphorylation
ofSRproteins.Activationof PI3K-Akt pathwayby insulinor growth factors resultsrespectively
inphosphorylationofat leastSRp40or SF2/ASF and 9GB.Phosphorylationofthese SRproteins
is necessary for their ability to promote inclusionof weak exons in the PKCpand fibronectin
(FN) genes respectively. In addition, growth factor-dependent phosphorylation of SF2/ASF
and 9GBhas been linkto an increase inSR-stimulatedtranslationofcytoplasmic mRNA. Grey
shapes represent ribosomes, U1/U2 represent spliceosomal components.

Signal-Induced Changes in Localization ofSplicing Factors
While posttranslational modifications may directly alter the activity ofa splicing factor, the

phosphorylation state ofSR andhnRNP proteins can also influence their subcellular localization
(see also chapters by Lin and Fu, and Martinez-Contreras et all . Since changes in the availability
of splicing regulatory proteins can dramatically influence splicing patterns of specific genes,
changing the localization of an SR or hnRNP protein is another potential means for achiev-
ing signal-induced alterations in splicing. Many, ifnot all, splicing factors localize at least to
some extent in sub-nuclear foci known as "speckles", These speckles are thought to function as
storage sites for proteins not actively engaged with pre_mRNA,S2,S3 although speckles may be
important to facilitate efficient splicing in cells.54-56Under normal growth conditions, splicing
factors traffic between the specklesand nascent transctipts in aphosphorylation-dependent man-
ner.27,S3 Furthermore, recent studies have shown that particular SR proteins are only recruited
from the speckles to a nascent transcript when they are specifically engaged in the splicing of
that transcript." Interestingly, differential phosphorylation of SR proteins by overexpression
of some kinases has been shown to influence their localization to speckles.29•s8.59 However, a
change in speckle association is unlikelyto explain all ofthe signal-induced changes in SR pro-
tein function since phosphorylation ofSF2/ASP by Aktdoes not cause an apparent alteration
in speckle pattern, yet can promote growth-factor induced inclusion of thejibronectin EDA
emn as described above.3S

A second mechanism by which phosphorylation can alter cellular localization is by altering
the affinity ofa protein for a nuclear transport factor. HnRNP AI, a well characterized cargo
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ofthe nucleocytoplasmic transport protein Transportin, hasa serine-rich region (referred to as
the F-peptide) immediately neighboring its nuclear localization signal (NLS). Extensive stud-
ies by Caceres and colleagues have demonstrated that a signaling cascade involving the kinases
p38 and MNKlIZ phosphorylates hnRNP Al within the F-peptide in response to osmotic
stress (see Fig. 3).45,60,61 This phosphorylation prevents binding ofhnRNP Al to Transportin
and results in retention ofhnRNP Al in the cytoplasm. where it ultimatdy localizes to stress
granules.45.60The resulting decrease in nuclear concentration ofhnRNP Al reduces its ability
to compete with the SR protein SF2/ASF in 5' splice site selection/" thereby leading to the
predicted shin: towards use ofproximal 5' splice sites in EIA transcripts from a transfccted
reporter pre-mRNA.61 Interestingly. the majority ofthe confirmed or predicted substrates for
Transportin (akaKaryopherin sz) are RNA binding proteins and a recent determination of
the structure of Transportin in complex with the NLS of hnRNP Al demonstrates that an
overall basic character in the vicinity ofthe NLS is an important determinant for the binding
ofcargo to Transportin.63.64 This analysis ofthe general binding requirements ofTransportin,
togetherwith studies demonstrating aphosphorylation-dependent increase in the cytoplasmic
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Figure 3. Model for signal-induced regulation of nuclear import , Under normal conditions
Transportin (or Karyopherinfl2, Kapfl2)mediates nuclear importofhnRNP Al, wh ich promotes
use of distal 5' splice sites in the E1A pre-mRNA . Upon activation of the p38 stress response
pathway, MNK1/2 phosphorylates hnRNP Al, thereby inhibiting binding of Al to Transportin
and preventing nuclear import of A1. Inhibition of nuclear import of Al results in a reduc-
tion in the nuclear concentration of this proteins and allows for competing proteins, such as
SF2/ASF, to preferentially bind target genes. In the case of the E1A pre-mRNA this results in
increased utilization of proximal 5' splice sites.
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localization of a fewother RNA binding proteins,~suggests that regulation of nucleocyto-
plasmic transport may be a common mechanism for changing the nuclear concentration of
RNA binding proteins, thus resulting in altered splicing patterns in response to cnracellular
cues (Fig. 3).

Other Mechanisms: Altered Protein-Protein Interactions
and Protein Expression

As discussed above, both the change in nucleocytoplasmic localization ofsplicing proteins
and the dispersion ofspeckles are due to a widespread disruption ofprotein-protein interactions
via increased phosphorylation. However, posttranslational modifications can alsocause specific
changes in protein-protein interactions, such as those described above for the adaptor proteins
hnRNP K and Sam68. While there is little direct confirmation ofspecific signal-induced al-
terations ofprotein-protein interactions leading to changes in splicing regulation, 'some recent
data suggest evidence for such mechanisms. For instance, in the Sam68-dependent regulation
of CD44. described above, signal-induced modifications to Sam68, SRm160 and Brm might
influence the ability ofthese proteins to complex with one another. Analysis ofthe alternative
splicingofanother gene regulated in response to Tvcell activation, namely CD45, also suggests
a role ofsignal-regulated protein-protein interactions.

The CD45 gene encodes a transmembrane protein tyrosine phosphatase that is involved
in the regulation of signal transduction pathways in lymphocytes. In Tscells, three variable
exons within CD45 are skipped upon antigen stimulation. Recent work has shown that this
signal-induced exon repression is due to the recruitment of the splicing factor PSF to an
ESS within the CD45 variable exons (Melton A, Jackson J and Lynch KW.• in preparation).
Interestingly, there is no difference in the nuclear concentration ofPSF between restin g and
activated cells, nor any detectable change in the posttranslational modification ofthis protein.
However, PSF only binds to the CD45 ESS in response to cellular activation. PSF is known
to interact with a wide spectrum ofsplicing factors, transcription factors and nuclear matrix
proteins.65-6l1 Moreover. PSF interacts with activated PKC isoforms within the cell nucleus,"
and specific epitopes within PSF have been shown to be masked upon changing cellular
ccndltions." Therefore. a reasonable hypothesis for the signal-induced repression of CD45
exons by PSF is that upon activation ofT-cells binding partners ofPSF are modified so as to
either recruit PSF to the CD45 pre-mRNA or. alternatively, to release PSF &om an otherwise
sequestered conformation.

Arguably, the simplest mechanism through which alternative splicingcould be regulated in
response to environmental cues would be through the increased or decreased expression ofcriti-
cal regulatory factors. Signalingpathways arc known to stimulate many ubiquitous transcription
factors such as NF1cB, NFAT and nuclear receptors, as well as factors involved in mRNA srabil-
ity/translation and proreosome-mediared degradation.ll-73 These various mechanisms typically
induce broad changes in proteome expression. Not surprisingly, many SR proteins and other
splicing factors have been found to be differentially expressed in a signal-dependent manner in
a variety ofcell types,?4-76 However, it remains to be determined whether such changes in the
overall expression ofsplicing factors truly lead to altered splicing patterns. or whether splicing
proteins are already in such excess that increased expression does not significandy alter these
patterns. One example in which changes in protein expression have been shown to directly
influence splicing patterns occurs during the development oferythrocytes. At a specific stage
during erythropoesis there is a marked decrease in the expression ofthe hnRNP A/B proteins.
This decrease in hnRNP A/B expression correlates temporally with the increased inclusion of
exon 16 in the gene encoding the cytoskeletal protein 4.1R.77 Since biochemical studies have
shown that hnRNP Al binds to an ESS within the 4.1R CIon 16 and causes exon skipping. the
decreased expression of the hnRNP A/B proteins almost certainly is the cause of4.1R exon
16 inclus ion in mature erythroblasts,"?
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RegulationVia Cross-TalkwithSignal-Responsive
Changesin Transcription

Allof theparadigms foralteringsplicingregulationdescribedabove involve thedirect manipu-
lationof the activityor accessibility of a splicing factor. However, in the cellpre-mRNAsplicing
doesnot occurin isolation, but rather it is linked temporally, spatially and mechanistically with
other mRNAproductionevents. In particular, manyrecentstudieshavedemonstratedextensive
cross-talk betweenthe transcription and splicing machineries (refer to chapterbyKomblihre).
Giventhe substantialeffects of signalingpathways on transcription, it wouldnot besurprising if
at leastsomeof the signal-induced regulation of transcriptionfactors havesecondatyeffects on
alternative splicing (Fig.4).

Theprimaryways in whichtranscriptionhasbeenshownto effect splicingaresummarized by
two models: the "kineticmodel"and the "recruitmentmodel" (referto chapterby Kornblihrt).
Themechanism that hasgained the mostexperimental support thus&ris the kineticmodel,also
known colloquially as the "firstrome, firstserve" model78.79Thismodel is basedon the premise
that,given the length of a typicalmammalian intton, the time lagbetweenthe transcriptionof
one exonand the transcriptionof the nextexonis oftensufficiendy longthat the firstexoncanbe
bound bythe spliceosomebeforethe nextexonis present.Thistimelagpotentially allows a"weak
exon" (i.e., anexonwith suboptimal splice sites, the absence of splicingenhancerclements andlor
the presence ofsplicing silencer elements) to berecognized bythe spliceosome without havingto
competewith a subsequent "strong" exon.It follows then that a reducedrate of transcriptional

CAPER

Figure 4. Model for hormone-induced alternative splicing via transcription. Binding of pro -
gesterone (green diamond) to the progesterone receptor (PR) recruits the CAPER proteins.
CAPER then activates transcription by RNA polymerase II (pol II) and promotes use of weak
exons (grey box) in pre-mRNAs transcribed from the PR-dependent promoter, presumably by
binding to 3' splice sites and recruiting spliceosomal components (UlIU2).
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dongation favorsthe recognitionand inclusionofweakemns, whereasan increasedrate oftran-
scriptionfavors emn skipping.

In its simplest form, the recruitment model proposes that binding of splicing factors to
the RNA polymerase II complex increases their local concentration proximal to the nascent
transcript, therebyenhancingotherwiseweak interactionsbetween the splicingfactors and the
pre_mRNA.8o.s1 However, a further complexityof the recruitment model is that transcription
activatorsor co-activators bound at the promoters maydifferentially influencerecruitment of
splicingfactors.Thispromoter specificitywasinitiallysuggestedbystudiesofthefibronectin gene,
in which the SRproteins 9G8 and SF2/ASF enhance the inclusionofthe variableED! emn by
binding to an ESE,but this only occurswhen the ED! containing gene is transcribed from its
endogenouspromoeer.f

Sam68-dependent regulationof CD44splicingisoneexampleofsignal-induced regulation that
relatesto the kinetic model ofcotranscriptionalalternativesplicing(secFig. 1). In addition. the
signal-induced transcription factorNF1<:B hasbeen shownto increase transcriptionelongadon,"
suggcstingthatgenes transcribedinanNF1<:B-dependent mannermayalsoundergosignal-regulated
alternativesplicingthrough changes in transcriptionalkinetics.

Signalingpathwaysalso appear to alter splicingpatterns via the recruitment model, as re-
vealedin studiesofnuclearhormone-dependent alternative splicing." Work by the Bergetand
O'Malley groupshasdemonstrated that both progesteroneand estrodiol can causechanges in
alternativesplicingprofiles. but only when pre-mRNA transcription isdrivenbypromoters that
arc dependent on the correspondingnuclear hormone receptors for aetivity.8S.B6 At least in the
caseofprogesterone-responsive alternativesplicing,it wasfurther shownthat, in the presenceof
progesterone,the U2AF6s_likcco-activators CAPERa and ~ are recruited to the progesterone
receptorwhere they induce both transcriptionand alternative splldng," Therefore. aspredicted
bythe recruitmentmodelfor transcription-coupledsplicing.signal-induced changesin promoter
occupancycandirectlyrecruitsplicingregulatoryproteinsthat influence splicingofthe transcribed
pre-mRNA.

Coonllnakd~~tion
Theprimarygoal orsignaltransduetionpathwayswithin a ed1isto evokea specializedresponse

to anygivenenvironmentalcondition. Ofien an optimal responserequiresthe coordinatedactiv-
ity ofa broad specmun ofgenesand proteins. For instance,neuronaldepolarizationinduces ion
traffickingacross the cellmembraneaswdl asprotein andvesicle transport, whereas aT-ed1must
migrate,proliferateand secretevariousproteins in responseto antigen stimulationaspart ofan
effective immuneresponse. In order to achieve sucha robust and comprehensive response, signal-
ingpathwaysfrequentlyactivateaprogramofrelatedeventsrather than just the expression ofone
individualgeneor protein. Forinstance,the activationofNFlCB byantigenstimulationofaT-ed1
leadsto the induction oftranscriptionof multiplegenesinvolved in promoting celldivisionand
inhibitingapoptosis," Similarly, regulationofmultiplealternativesplicingeventsbyagivenextracel-
lularstimuluscouldamplifypotentialphysiological consequences. Not surprisingly,therefore,even
the few examples ofsignal-induced alternativesplicingthat havebeencharacterized demonstrate
coordinatedregulation.Analysis ofthe CD45geneidenti.6ed amotifwithin the signal-responsive
ESSthat ispresent in other emns whicharedifferentiallysplicedin responseto T-cellacdvadon,"
Similarly. two regulatorysequences (Inrronlc and exonlc)havebeen identi.6ed as a hallmarkof
emns that arcalternativdysplicedin responseto neuronaldepolarization.89.'lOTheidenti.6cation of
thesesignal-responsive regulatorymotifshasallowedfor the bioinformaticidenti.6cation ofnovel
examples ofsignal-induced alternativesplicingand stronglysuggests that genes whichcontainsuch
sequences are regulated in a coordinated manner through common mechanisms.88-91 The recent
developmentof microarrays designedto monitor the levels ofalternativdy splicedisoformshas
further allowedfor the systematic identi.6cation ofgenesthat undergo alternativesplicingin a
signal-dependentmanner.102 Subsequentstudiesofthcsc signal-regulated genesarelikelyto reveal



170

additionalsignal-responsive splicingregulatorysequences and allow for thegroupingofgenesinto
families ofmechanistically-coordinated alternative splicingevents.

Achieving Specificity in Signal-Responsiveness ofAltemative Splicing
Despite tlle importance of coorainating regulation of splicing,one obviousquestion raised

byour understanding of themechanisms underlyingsignal-inducedalternativesplicingdiscussed
above is regardinghow specificityisachieved. That is,ifAk.t canphosphorylateseveral SRproteins
andthese proteins are ubiquitous splicingfactors,why are the effects of these posttranslational
modificationsrestricted &om thesplicingof other genes that are not regulated. upon activation
ofAk.t? Evenin the caseofcoordinated regulationof a famUy ofgenesit is clear that some level
of specificity still is at playin determining which splicingeventsare regulated bya particular cel-
lular stimulus.

Whilewedon't yet have a sufficiently clear understandingofregulated splicingin general and
signal-responsive splicingin particular, to completelyunderstand the questionof specificity, cur-
rent datadocs suggest that specificity maybeconferred at thelcvd of signalingpathways, RNA
binding and/or differentialsensitivityto the activityof individual splicingfactors. Within the
signalingfield,specificity is largelyunderstood to be conferredbylocation or co-associationof
proteins.92 In other words,whileaprotein such asSam68maybecapableofinteraetingwithawide
range ofproteins,under anygivencellularcondition Sam68mayonlyco-associatewith asubsetof
potential partners and thus will only beable to transmit signals to certain downstreamdfcetors.
At the level of RNA binding, specificity of RNA-protein interaetions is also often conferredby
co-association ofproteinswithinenhanceror silencercomp1acs.9334Therefore, thesignal-induced
regulation of a particular gene may require the combinatorial effect of multiple transduction
pathways, each altering the activityof one component of a larger complex.In sucha scenario, a
stimulusthat only triggered one signaling pathwaywould not affect a more complextarget gene.
Alternatively, lossof one protein from a particular regulatory complexmaybe compensatedfor
byother binding partners.A potentially related aspectof specificity is therecentdiscovery that a
decreasein the expression ofevencore spliceosomal proteins hasdifferentialeffects on the splic-
ing of specifictranscripts.95Whilesomeof thisdifferentialactivitymaybe due to compensating
protein-protein interactions, thisphenomenon is primarilyunderstood to be due to differences
in therate-limitingstep of splicingfor differenttranscripts. In other words,decreasedactivityof
a splicingfactor involvedin 3' splicesiteselectionwill have thegreatest effect on substrateswhich
have weakor variable 3' splicesites.96 Together,thespecibcityinherent in signalingand splicing
mechanismslikely work in concert to achievethenecessarybalancebetween strengthand preci-
sion ofsignal-inducedchanges in alternativesplicing.

Feed-Back and Feed-Forward
Interestingly, manyof thegenesthathavebeenshownto undergo changes in splicingpattern

in response to extracellular stimuliare themselves receptorsor other signalingmolecules. These
include,amongothers,CD45, CD#-, NMDARIandPKCIIfJ.479QfJ7 Importantly, the differential
proteins expressed byallof theabove-mentionedgeneshavebeenshownto havedistinctsignal-
ing properties, often affectingthe very signalingpathwaythat leads to their differentialsplicing
pattern.48.98-I00 This strongly suggests that there is a possibility of feedback. or feed-forward in
which the initialactivationof a signalingpathway is eitherpromoted/maintained or turned off
viasignal-inducedalternativesplicing.

One exampleof such feedback is in CD44 alternativesplicing.99 Asmentioned above, activa-
tion of theRassignalingpathwayenhancesinclusionof ten variableexansthat encodepart of the
cnraccllulardomainofCD44. Speci6.cally; Inclusionofvariableemn 6 (CD44v6) promotesCD44
involvementin a coreceptorcomplexwith hepatocyte growthfactor and the tyrosinekinaseMet
that in turn promotes Rassignaling.IOI Activationofquiescentcells with growthfacton leads to an
initialburst ofMAP kinase activationfollowedseveral hours laterbyasecond,prolongedwaveof
MAP kinaseactivity. The inclusionof CD44v6 that occursin responseto the initialburst ofRas
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activationis necessary ror thesubsequentwave ofRas signaling, as demonstratedby the lossof
thesecondpulseofRas activitywhen CD44v6-containingtranscripts arespecifically repressed.99

Therefore, at least with regards to Ras signaling, alternative splicingis an important feedback
mechanism to generate the sustainedactivationphenotype necessary to drive cells forward to
proliferation.

Summary
While signal-inducedalternative splicing isno doubt a prevalentphenomenon,!lO31.102 we are

onlyjustbeginningto scratchthe surfacein terms of identifyingsuchregulatedeventsand in un-
derstandingthe mechanisms bywhich theyoccur.Theexamples providedin thischapterareinno
waymeantto beanexhaustive list,but rarherarepresentedasexamples ofhowe:xtracel1uiarstimuli
might influence the splicingmachinerysoasto altersplicingpatterns.At presentthereisstillonly
cursorydata in support ofmanyof the proposedmechanisms; however, what isclearis that there
arelikclynumerouspathways bywhichchanges in growthconditionsor in theenvironmentcanbe
communicated to thesplicingmachineryandmanycriticalphysiologicalprocesses areinfluencedby
signal-induced changes that impacton splicing.Clearlythequestionssurroundingsignal-induced
alternative splicingrepresentan important frontier that warrantsmajorinvestigation.
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CHAPTER!!

Coupling Transcription
and Alternative Splicing
Alberto R. Komblihtt*

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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CHAPTER 12

The Coupling ofAlternative Splicing
and Nonsense-Mediated mRNA Decay
Liana F. Lareau, Angela N. Brooks, David A.W: Soergel,~Meng
and Steven E. Brenner"

Abstract

Mosthumangenes exhibitalternative splicing. but not allalternativdysplicedtranscripts
produce funcrional proteins. Computationaland experimental results indicatethat a
substantialfractionof alternative splicing eventsin humansresult in mRNAisofurms

thatharboraprematureterminationcodon(PTe). These transcriptsarepredictedto bedcgraded
bythe nonsense-mediatedmRNAdecay(NMD) pathway.One explanation furthe abundanceof
PTC-com:ainingisofurms is that theyrepresentsplicing errorsthat are identified and degraded
bythe NMD pathway. Another potential explanation for this startlingobservation is that celIs
may link alternative splicing and NMD to regulate the abundanceof mRNA transcripts. This
mechanism, which we call "Regulated UnproductiveSplicing and Translation" (RUST), has
been experimentally shownto regulateexpression of a widevarietyof genes in manyorganisms
fromyeastto human.It isfrequently employedforautoregulationofproteinsthat affectthe splic-
ingprocess itsd£ Thus. alternative splicing and NMD act together to playan important role in
regulatinggeneexpression.

Introduction
One majorresultof the large-scale sequencingprojectsofthe lastdecade has beenan apprecia-

tion of the extent of alternative splicing of mammalian genes. Estimates vary. but most reports
agree that overhalfofhumangenes arealternativdyspliced.1

,2 What isthe biological funcrionof
this extensive alternative splicing? Manypropose that it is a majormechanism underlying pro-
teome ezpansion.'but alternative splicing can alsomodulate the function or activityof a gene,
for instancebyaddingor removingexonsencodingprotein domains or byalteringthe stabilityof
the transcriptor resultingprotein.4-6

In the lastfewyears. it has becomeclearthat manyalternative splice formspreviously thought
to encodetruncated proteins are actually targets ofNMD (Fig.1). In mammals. a termination
codon locatedmore than about 50 nucleotides upstream of the finalemn junction is generally
recognizedasprematureandelicits NMD.'-9Understandingofthis ruleallowedfur the idcntifica-
tionof numerous transcripts thararepredictedto bedegradedratherthantranslatedinto protein.
TheprevalenceofthcsepredictedNMD-targetedtranscripts calls forareconsiderationof the roles
of alternative splicing and NMD. Sincethe mechanism of recognition bythe NMD pathwayis
best understoodin mammals and therearerelativdyfewpredictedor verified targets ofNMD in
other organisms, wewill focus this review primarilyon mammalian targets ofNMD.

·CorrespondingAuthor: StevenE. Brenner-Department of Molecularand Cell Biology,
University of California, Berkeley. Email: brenner@compbio.berkeley.edu

Alternative Splicing in thePostgenomU:Era, editedbyBenjamin]. Blencowe
and BrentonR. Gravdey. ©2007Landes Bioscience and Springer Science+Business Media.
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mRNA
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tranSCriPtion~
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",. factors ~
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splicing

EJC!translation

EJC EJC

L
Degraded by NMD

Figure 1. Some alternatively spliced transcripts are degraded by Nonsense Mediated mRNA
Decay (NMD). The spliceosome deposits an Exon Junction Complex (EJC) on the mRNA
-20-24nt upstream of the splice junction, thereby marking the former location of the excised
intron .· On the first, pioneering round of translation, " any in-frame stop codon found more
than 50 nt upstream of the splice junction triggers NMD; such a codon is called a PTc. s.,
Alternative splicing can lead to the inclusion of a PTC on an alternatively spliced region, or
may give rise to a downstream PTCdue to a frameshift . Thus, alternative splicing can give rise
to unproductive transcripts. Splicing factors (labelled ·SF") can alter the ratio of productive
transcripts to transcripts that contain a PTC, targeting them for degradation. In this example,
the dark splicing factor shown induces the inclusion of an alternative exon with a PTC,thereby
decreasing the abundance of the productive isoform and downregulating protein expression.
Components of the splicing machinery such as U2AF35and PTBcan similarly regulate isoform
proportions. Reprinted from: Soergel D et al. In: Maquat LE, ed. Nonsense-Mediated mRNA
Decay. Goergetown: Landes Bioscience 2006:175-196.'09

Transcripts containing a PTC can arise through various patterns of alternative splicing
(Fig. 2). For example. an exon inclusion event can introduce an in-frame PTC. thus targeting
the transcript for NMD. Most alternative splicing events that induce a framcshift are predicted
to give rise to a downstream PTC. Alternative splicing in noncoding regions can also give rise
to NMD targets. For example. the splicing ofa 3' UTR intron can create an exon-exon junction
more than SO nucleotides downstream ofthe original stop codon. which will consequently be
recognized as premature."

NMD was originally considered to be a quality control mechanism, protecting the cell
from the potentially toxic effects of nonsense codons introduced by errors in replication.
transcription, or splrcing.":" We now know that there are many targets ofNMD.13.14including
trans cripts with uORFs. products ofalternative splicing. byproducts ofV(D)J recombination
and transcripts arising from transposons and retroviruses ." Indeed. it now seems that a major
effect ofNMD is to downregulate specific transcripts. in addition to clearing the cell ofaber-
rant transcripts.
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Intra-exon splice f
Intron retention

3' UTR intron

Perfectexonskip f
Exon inclusion

Alternate S' splice site

Alternate 3' splice site

Mutually exclusive exons

Imperfect exonskip

Imperfect exonskip

Alternativ~ Splicing in tbe PostgenomicEra

STOP

Figure 2. Patterns of alternative splicing. Alternative selection of 5' and 3' splice sites can
lead to various patterns of included exons. Any exon that is included in an alternative form
may harbor a PTe. Also,whenever an exon whose length is not a multipleof 3 is included or
removed, the concomitant frameshiftmay result ina downstream PTe. Finally, splicingout an
intron in the 3' untranslated region (UTR) can cause the normal stop codon to be considered
premature. Reprinted from: Soergel D et al. In: Maquat lE, ed. Nonsense-Mediated mRNA
Decay. Goergetown: landes Bioscience2006:175-196.109

Many Alternative Splice Forms Are Targets ofNMD
While it waslongknown that alternativesplicingmayproduce isofonnsthat aredegradedby

NMD, thiswasnot appreciatedasa pervasive phenomenon until genome-wide studiesindicated
that a substantialfraction of human genesarcsplicedto produce isoforms that maybe targeted
forNMD.
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The firststudy to predict widespread NMD ofalternativesplicefonns used human mRNA
and EST sequences from public databases to inferalternativesplice fonns and identify PTCs.16
Lewis et al considered 16,780 human mRNA sequences from the reviewedcategoryofRefScq,
a set ofwell-characterized, apcrimentally confirmed transcript sequences.'? Alignment of the
RefScqmRNAs to their genomic loci showed that 617 of these cur.u:ed mRNA sequences, or
3.7%,contained PTCs. However, the alternativesplicefonns inferredby aligning EST sequences
from dbESTI8 to the RefSeq-defined genomiclocisubstantiallyincreasedthe estimatedfraction
of geneswith PTC +Isoforms (Fig.3). Basedon the EST data,over3000 of the RefScq geneshad
alternativespliceformsand ofthesealternativdysplicedgenes, 45%werepredicted to encodeat
leastone spliceisoformthat is a target ofNMD.16'Iherefore, the studyfound that at least12%of
human geneshavea PTC+isoform.

Theseresultshavebeenconfirmedand strengthenedbymore recentstudies.An analysis ofthe
isofonnscontainedin SWISS-PROTl~ showedthat eventhisreliable, curateddatabasecontained
presumed translation products of mRNA sequences that are likely to be degraded by NMD.
Alignment of the mRNA sequenceof each protein isoform reponed in SWISS-PROT to the
humangenomeidentifiedreliableexon-inrronstructuresfor2483 isofonnsfrom 1363genes.The
50-nucleotiderule predicted that 144 isofonns (5.8%of2483) from 107 genes(7.9%of 1363)
contain a PTC and arelikelytargetsofNMD.20

An elegantstudybyBackand Greenextendedthe analysis ofPTC+alternativesplicingto con-
siderconservationof spliceformsbetween human and mouse," This approachhelpsdistinguish
aberrant splicingeventsfrom rare but functionalvariants.Startingfrom a largesetofeDNA and
EST sequences, Backand Green identifiedabout 1500 pairs of exon inclusion/exclusion splice
fonns found in both human and mouse.A quarter ofthe conservedalternativeformscontain a
conservedPTC,21 which isconsistentwith subsequentfindings,23 suggesting that these isofonns
playa functional role and that the PTC is important to their function.

Severalmicroarrayexperiments haveprovideddirect evidence to support thesecomputational
rcsults. l 5.22 In one exampleof these experiments, Menddl and coworkers depleted HeLa cells of
Upfl , an essential component of the NMD pathway,and used microarrays to comparemRNA
abundancesin thesecells to mRNA abundancesin mock-treatedcells,"Theyfound that 4.9%of
the -4000 transcripts tested showedsignificantly higher abundancesin cells deficientin NMD,
suggesting that NMD normallydownrcgulatcs thosetranscripts.Evidence that theirobservations
werelargelydue to the direct action ofNMD, rather than being a downstreamregulatorycon-
sequence, was provided by showingthat several ofthe putative NMD -targeted transcripts they
identifieddecayedfastcr in normalcellsthan incellsdepletedofUpfl. Theyalso providedevidence
that the dfca theyobservedwas due to NMD by showingthat the PTC transcript abundances
responded similarlyto depletion of Upf2, another protein that is essential for NMD. Finally,
Menddlet alalso observedthat 4.3%ofthe transcriptsdecreasedin abundancein NMD-deficient
cells.Thestabilityofthosc transcriptswas not alteredbyNMD deficiency,showingthat the change
in their abundancewas an indirect dfcct. Because thismicroarrayexperimentdetected changesin
total transcript levels acrossallisoformsofa particular gene, it maynot havedetected changesin
transcript levels ofa specific PTC+lsoform.Therefore, manytrue NMD targetswould not have
been identified.

To specifically detect changes in specific isoform abundancesdue to NMD inhibition, Pan
et al used an alternativesplicingmicroarrayplatform." Bydistinguishingrelativelevels ofPTC+
versus PTC - isofonns, they found that approximately 10% of the PTC-containing lsoforms
increasedin abundancebyat least 15percentagepoints upon inhibition ofNMD. Although Pan
et alwereable to detect relatively fewtargets ofNMD, they reported that a majorityofthe PTC+
isofonnsate present at relatively lowabundances, evenwhen NMD is inhibited.Theyconcluded
that many of these may represent nonfunerional transcripts or transcripts that ate not undet
strongselectionpressure. Thisconclusionisconsistentwith the observationthat the majorityof
PTC-containing splicevariants identified in sequencedtranscripts are not conservedbetween
human and mouse.21,23
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There is limited information about the prevalence of alternativesplicingcoupled to NMD
in Drosophila. Rehwinkdet al used a geneexpression arrayand found that 3.4% ofgeneshad a
significantincreasein overall transcriptabundanceswhen NMD wasinhibited; intriguingly, the
NMD protein SMG5 was among these.24 More recently. an alternativesplicingarrayplatform
capableofdistinguishingdistinct isofonns found an order ofmagnitude more Isoforms that are
targets ofNMD in fly(manuscriptin preparation).However, eventhisfindingrepresents a mod-
est levelofcoupling relativeto the amount predicted basedon the analysis of EST and eDNA
transcriptsfrom human and mousetissues.

Thestrikingnumber ofpredicted PTC+alternativespliceformsdemandsmoredetailedexpla-
nation. Are someofthese lsoforms translatedat levels sufficient to impact physiology? Are they
an unavoidable sideeffectofproductive alternativesplicing? How manyof the observedPTC+
isofonnsaredue to transcriptionalor splicingnoise?Towhat extentdo PTC+isoforms represent
the couplingof alternativesplicingand NMD in order to regulate gene expression? We shall
considereachofthesepotential explanations in turn.

Do the Observed PTC+ mRNA IsoformsEvade NMD
to Produce Functional Protein?

The existence ofnumerousPTC+ isoformswasfirstInferredfrom EST data.16 One maywon-
der why EST evidenceexists at all for isoformsthat are expectedto be degradedby NMD. As
observedin numerousexamples (Table I), NMD substantiallyreducesthe abundanceofPTC+
transcripts.but doesnot eliminate them entirely, One explanationfor the presenceoftheseESTs
is that NMD surveillance maynot be completelyeffective. Furthermore.PTC+ isoforms arenot
degradedinstantlyupon beingspliced;rather. theirdegradationoccursonlyafi:er apioneerround
oftranslation,25 whichmightoccurnearthe nuclearporeduringor soonafi:er exportofthe message
from the nucleus(reviewed in ref 26).Thus.we expectthereto besomesteady-state abundanceof
PTC+isoformsthat havenot yet beendegraded,especially inside thenucleus. A series ofelegant
experiments and computationalmadding in yeastsuggestthat the dominant reasonfor the pres-
enceofPTC~ mRNAsin the cellisthe temporallagbetweensplicingand degradation, rather than
incompletesurveillance."Evidently. the resultingabundanceofPTC+ isofonnsis in manycases
highenoughforESTsderivedfromthoseisofonnsto beobservedanddepositedindbEST.lndecd,
manyof the alternativesplicejunctions that generatea PTC aresupported bymultipleESTs.

Nevertheless, less stable isofonnswill be underrepresentedin EST libraries. Usingsequence
features such as splice site strength. Backand Green modeled the predicted inclusion rates of
alternativeexons.21They showedthat PTC· isofonnsareprobablyproduced at ahigher rate than
theyareobservedin EST data and that manyaredegradedbeforetheycanbe sequenced.Thus,the
EST dataunderestimatethe fractionofa givengene's mRNA that isPTC+and alsounderestimate
the number of geneswith PTC+alternativesplicing. For this reasonand alsobecause the quality
filters usedin the abovestudiesexcluded manygenesandisoforms,EST-basedreportsofferalower
bound on the number ofPTC· isofonns; the true prevalence of alternativesplicingand ofPTC·
isoforms maybe substantiallyhigher.

SomePTC+transcripts mayevadeNMD. increasingtheir likelihood ofbeingobserved and
deposited in sequence databases.This evasion can happen in two ways-by the incomplete
action of NMD to degrade the PTC· transcript. or by a specificmechanism that allows the
transcript to evade NMD to ensure protein production. There are a fewknown examplesin
which a transcript which should be degraded according to the 50-nucleotide rule is in fact
stable and is translated to produce protein. These include polycistronic transcripts on which
translation is reinitiated downstream ofa PTC28-30; apolipoprotein B, which is protected from
NMD by an RNA editing complex3l ; sometranscripts with a PTC near the initiation codon32;

cytokine thrombopoietin (TPO)mRNAwith several uORFs33; and an aberrant ~-globin transcript
which is protected from NMD by an unknown mechanism," Although NMD does not pre-
vent protein production entirely in such cases, it maynonethelesslimit expressionfrom PTC+
transcripts substantially. as wasshown for an alternative transcript ofFAlP5 and for .ARD_l.28
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Nonetheless, documented exceptions to the 50-nt rule are rare and there are many more known
casesin which the 50-nt rule is obeyed.

Even for PTC+ transcripts that do not evade NMD, the possibility remains that the single
truncated protein product of the pioneer round of translation is functionally significant, since
some regulatory proteins can havean cffi:ct evenat avery low copy number."Also, to the extent
that NMD is not completely cffi:ctive at detecting and degrading typical PTC+ transcripts, the
transcripts that escape this process may be translated to produce truncated proteins. However,
these proteins willfrequently lack: criticaldomains, rendering theminactiveor even harmful In
any case, it is hard to imagine that functional roles oftruncated proteins could explain the high
prevalenceofgeneswith PTC+ isoforms,especially given the wide functional diversityof these
genes,and no data exist to support such a view.

While there maybe exceptions,it seemsunlikdythat manyPTC+isoformsproducefunctional
protein, either during the pioneer round of translation, due to incomplete surveillance, or by
evadingNMD altogether.

Are the Observed PTO mRNA Isoforms a Side Effect
ofProduetive Alternative Splicing?

In the particular situation of mutually-c:xclusive emn usage,NMD may be a mechanism for
removingttanscripts that erroneouslyincludeboth emns or neither emn. For isoformsofFGFR2.
including both emns or neither exon introduces aframeshitt and PTC into the mRNA. targeting
it for degradarion.F In this circumstance. an isofOrm includingemn lIIb whileskippingemn IIIc
is productive; similarly, the lsoform including exon Ilk but excluding emn lIIb is productive.
However,the spliceosomemayalsopair the samesplicesitesdifferentlysuch that both emns arc
included, or such that neither are included. Both of these latter possibilities introduce a PTC
(Fig.4).

Each splicesite involvedin the removalof emns IIIb and Ilk is required for the production
of at leastone productive Isoformithe unproductive isoformsarisesimplyfrom alternate pairings
of these otherwise productive splicesites.Given that the spliceosomeis prone to such alternate
pairings. there maybeevolutionarypressureto ensurethat the undesired lsoformsincludea PTC.
Thisresultsin an inevitablesidecffi:ctofthe mechanismfOr productive alternativesplicing.NMD
can be used as a filter to remove these "side effecr" isoforms,which may comprise a substantial
fraction ofthe transcripts produced (up to 50%in the caseofFGFR2)Y

Weexaminedthe alternativeIsoformsInferredfrom human dbEST data (seeabove)and found
that PTC+isofOrms couldbeexplainedasaside dfect fOr 34%ofthegenesthat produce them.That
is,66% ofthe geneswith a PTC+ lsoform havea splicesite that is specificto PTC+isoformsand
that isresponsiblefor introducingthe PTC (Socrgd2005, unpublisheddata).Ifthescunproductive
isoformswereon the whole detrimental to the cell,then we would expectevolutionarypressureto
haveselectedagainst PTC+ specificsplicesites.but in fact manyofthem arc strikinglyconserved,
aswe discussbdow.Thus.while the contribution of·side dfect- Isoformsmaybe significant,they
alone cannot explain the high prevalenceofPTc+ isoforms,

Do the Observed PTO mRNA Isoforms Represent
Missplicing or Cellular Noise?

NMD wasoriginallydescribed as a means ofclearingerroneous transcripts from the cdl.11
•
12

In kcc:ping with this role. some alternative spliceforms that arc degraded byNMD could repre-
sent splicingerrors. Such errors could arise from mutations disrupting splicesites or regulatory
sequences. including mutations in intronic regions that are invisible afu:r intron removal Also,
the splicingmachinery itself could recognizeincorrect splicesites.The spliceosomedistinguishes
true splicesites from nearby cryptic siteswith impressive fiddity. but splicesite recognition is a
complexprocessand errors occur at somerate. Although there are at present no cleardata on the
extent ofmissplicing,EST libraries contain millions of ttanscript sequencesand evenextremely
rare events.such as those arisingfrom missplicing,maybe represented.
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Figure 4. NMD can be employed to remove "side effect" isoforms in the case of mutually
exclusive exons. Alternative splicing may generate two productive isoforms including one or
the other of a pair of mutually exclusive exons. By choosing different pairings from the same
set of 5' and 3' splice sites, the spliceosome may also generate isofor ms including both exons,
or neither exon. Frameshifts can give rise to PTes on these undesired isoforms so that they will
be degraded by NMD. Reprinted from: Soergel D etal. In:Maquat LE, ed. Nonsense-Mediated
mRNA Decay. Goergetown: Landes Bioscience 2006:175-196.109

In EST-based computational analyses, splicingerrors can be identified to some extent by filter-
ingout splicingevents that are seen only in a few ESTs, but this method cannot distinguish errors
from legitimate rare splice forms . With multiple mammalian genomes available, recent work has
focused on evolutionary conservation to suggest negative selection and, perhaps, functional roles
for conserved alternative forms,21,38 (also reviewed in refs. 39,40). Minor Isoforms, those that
occur only a fraction ofthe time, are lessotten conserved thanmajor isoforms41and may somerimes
represent recent mutations or splicing errors. The minor isoforms that are conserved, including
PTC-eontaining lsoforms, are more likely to be functional thanminor isoforms that are seen only
in one species, although species-specific isoforms may also be functional.42

& described above, Baek and Green identified PTC· isoforms that were conserved between
human and mouse to filter out aberrant splicing. They note that the inclusion ofthe same "ac-
cidental" alternative cxon is unlikely to happen by chance in both species, but that occasional
accidental skipping ofthe same cxon could more readily happen by chance in both human and
mouse. To reduce the influence of these conserved but aberrant splicing events on their data
set , Back and Green designed a statistical method to discriminate between splicing errors and
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functional alternative splicing. Using this method, they inferred that 80% of the conserved
PTC-producingspliceevents they consideredwere legitimate, compared to 20% that appeared
aberrant," Thus, most of the conserved PTC-producing splice events they observed were not
likdy due to missplicing.

Pan and coworkers used an experimentalapproach to understand whether the prevalenceof
PTC' transcriptsisaresultoffunctionalgeneregulationor splicingnoise.23Aspreviouslydescribed,
they developedan alternative splicingmicroarrayplatform to detect the relativeabundance of
PTC' versusPTC isoforrnsfor overa thousand cassette-exon type alternativesplicingevents in
mouse.Theirstudyshowedthatin 10diverseuntreated mousetissueswhereNMD isactive,most
PTC' isoformsrepresent lessthan 50%of the steadystatepool oftranscripts from a givengene.
The low abundance is consistent either with a reduction in the levels ofPTC' isoformsdue to
the action ofNMD, or with infrequent occurrenceofthe alternativespliceevents that produces
the PTC' isoforms,

To addressthese two possibilities in one cell type, Pan et al measured the changesin relative
abundance ofPTC' isoforrnsupon NMD inhibition in HeLa cells, usinga microarrayprofiling
3055 human cassetteemns, A smallpercentageofPTC' isoformswereupregularedafter NMD
inhibition, suggestingthat their unproducrivesplicingcould affectgeneexpression. Nonetheless,
becausethemajorityofPTC+ isoformsarepresent at low abundanceevenwhen NMD isinhib-
ited, Pan et al inferred that most PTC' isoformsmay not contribute important functional roles.
One cannot excludethe possibilitythat subtle changesin the abundanceofsomePTC' isoforms
havefunctional consequences, perhaps in different tissues. Nevertheless, this study suggests that
the majority of PTC' isoforms may simplybe due to infrequent splicingevents and represent
potential cdlular noise clearedby the NMD machinery,"

Ifmany PTC -containing transcripts are a result of splicingnoise, their prevalencein a wide
varietyof genescould reflecta functional role that allowsfor the evolutionofnewgenefunctions
via alternativesplicing.4O,44 TheexistenceofNMD could haveled to an increasein alternativesplic-
ing, becauseanysplicingerrors that introduced PTCs would be removedbyNMD, reducingthe
harmful effectsofmissplicing. Asa result, the pressureto recognizesplicesitesperfectlywould be
lowered.Functional alternativespliceforms could arise through splicingerrorsand then become
establishedby sequencechanges that strengthen theirsplicesitesor addregulatoryelements.

Are PTC+ mRNA Isoforms Important for the Regulation
ofGene Expression?

Therearemanyexamplesof specific transcriptsthat areregulatedbythe couplingofalternative
splicingand NMD (Table 1). Thisprocessprovidesan additional level ofregulatory circuitry to
help the cellachievethe proper levelofexpressionfor a givenprotein. The cdl could change the
level ofproductivemRNA after transcriptionbyshuntingsomefractionofthe already-transcribed
pre-mRNA into an unproductive splice form and then to the decay pathway (Fig. 1). In the
simplest case, some constant fraction of a gene's pre-mRNA is spliced into an unproductive,
NMD-targeted form. In other cases, the proportion of transcripts targeted for degradation is
regulated by an external input . Finally, autoregulatory loops can arisein which a protein affects
the splicingpattern ofits own pre-mRNA. The processofgene regulation through the coupled
action ofalternativesplicingand NMD has been termed "RegulatedUnproductive Splicingand
Translation; or RUST.

Constitutive Unproductive Splicing
Thesimplesttype ofcoupledalternativesplicingand NMD isonein which the ratioofproduc-

tiveto unproductive spliceforms is not significantly variable. In thiscase,thecombined effectof
alternativesplicingwith NMD reducesmessage abundance bya more or lessconstant factor.An
apparent exampleofthisis the Calpain-l0 gene,which encodesa ubiquitouslyexpressedprotease
and is alternativelyspliced to produce eight mRNA isoforms.2O,4~ An analysis ofthese isoforms
using SWISS-PROT and genomic sequencesshowed that four contained PTCs. An expression
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studybyHorikawaet alshowedthatthe fourPTC+isoronnswere"less abundant"in vivothanthe
other rour.4SFurtherexperiments showedthat the PTC+isoforms increased in abundancerelative
to thePTC' Isoforms whencells weretreatedwith cycloheximide, whichblocks translationand
therebyinactivates the NMD pathway.46Thisresultconfirmedthat alleightmRNAIsoforms are
producedbut thatthefourPTC+Isoforms aredegradedbyNMD.Otheraperimentallyconfirmed
examples in theliteraturerdlect apparentconstitutiveunproductivesplicing(Table la). Suchcases
maynot beregulation,but simplycellular noise, with theunproductive splicingprovidinglittleor
no selective advantage or function. Ofcourse, in eachof theseeases, theremaybe asyet unknown
regulatoryinputs that impactthe splicingprocess and alter the isofonnproportions.

Regulated Unproductive Splicing
Therearemanyexamples of regulated alternative splicing, particularly in tissue-spccilic alter-

nativesplicingevents, e.g••references 47-49. Theroleof regulatedalternative splicingisemerging
as an important layerof gene regulation, much like gene regulationat the transcriptional and
rransladonallevels."Twenty-three examples ofregulatedalternative splicingleadingtoNMD are
shownin Table1. In additionto changing therdativeabundanceoffimctionalisoforms, changes
in thesplicingenvironmentmayincrease:or decrease theproductionoftranslaeedlsofonns relative
to PTC+Isoforms that aredegraded byNMD (Fig.I).

TheS'and 3' splice sitesrecognized bythe spliceosome havea rangeof"strengths" or binding
affinities ror the corespllceosome components. Selection of splice sitesisalsounder the control
of ahost of regulatorysplicingfactorswhichbind to specific sequence signals in the pre-mRNA.
Thesesequences maybe emnic or intronic and maybe associated with enhancement or suppres-
sionof splicing at nearby(and sometimes at distant) splice sites.Cis-regulatory sequences, such
asemnic splicing enhancers (ESEs), are frequently round in clusters, suggesting a combinatotial
regulationof splicing bycomplexes of splicingfactorsso.S1(referto chapterbyChasin).

Achange in the abundancesofsplicingfaetors canshiftthebalanceofsplicingpatternstowards
the production ofNMD-targeted lsoforms, therebyreducingthe abundance of productivetran-
scriptsand hencethe rate ofproteinproduction. In thisway, splicingfactors canactasregulatory
inputsto altergeneexpression in amanneranalogous to transcriptionfactors. An example of this
intriguingmode of gene regulation is MIDI , which encodes a microtubule-associated protein
involved in triggcringthedegradation ofphosphatase 2A.52MIDi isubiquitously transcribed, but
it issplicedin a tissue- anddcvelopment-spccilicmanner.Wmter and coworkers observednumer-
ous alternatively splicedtranscripts which includednovelalternative ezons, in addition to nine
previouslyknown constitutiveexons,Mostofthetranscripts withnovelemns containedin-frame
stopcodonsandsubsequent alternative poly(A+) tails; the alternative polyadenylation meantthat
thestopcodonswerenot premature, allowing ror translationofa C-terminally truncatedprotein.
A secondclass of alternative transcriptscontainedstop codonsclosely followed by an in-frame
start codon, suggesting the possibility of translationreinitiationand productionofN-tertninally
truncated protein. A third class of alternative transcripts containedpremature stop codonsthat
were associated neitherwith an alternatepoly(A+) signalnor with an alternatestan: site.These
transcripts werepredictedrobe subjectto NMD according to the SO-nucleotide rule.Consistent
with thisprediction,Wmter etalroundthat theabundanceofhumanMIDI transcripts including
emn Ic (analternative emn introducingaPTC) increased in thepresence oftheNMD inhibitor
cycloheximlde/" Finally, Wmter et al usedRT-PCRto observe that diffcrentMIDi Isoforms are
producedin different tissues and at differentdevelopmental stages in both humanandmouse.For
instance. the PTC-introducingemn la was observed in five distinct transcripts in human fetal
brain cells, two transcripts in fetal livercells and none in fetal fibroblasts. These resultsstrongly
suggest that alternative splicing and NMD arebeingemployed to regulate the overall abundance
ofproductiveMIDi transcripts.

Thegeneencodingspermidine/spcrmineNl_acetyltransfcrasc: (SSAT),anenzymethat regulates
theintracellularlevelsofthepolyamines spermidineandspermine,provides aninterestingexample
ofRUST.S! SSATacetylates spermidine and spermine, whichare then excreted out of the celLS!
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Polyamines were known to regulate gene expression ofSSATat the leveloftranscription and stabili-
zation ofthe mRNA53and Hyvonen et alpresent evidence that polyamines regulate gene expression
ofSSATby promoting the exclusion ofan exon containing three in-frame PTCs. Upregulation of
the PTC+ isoform occurs when polyamine levels are low-a condition where the enzyme is not
needed. Upon depletion ofpolyamines in mouse embryonic stem cells, Hyvonen et alobserved
an increase in the relative abundance ofthe PTC+ Isoform ofSSAT, termed SSAT-X. Conversely,
after treating cells with DENSpm, a polyamine analog, they observed a decrease in the amount
ofSSAT-X mRNA relative to the normal, PTC- SSAT mRNA.53To demonstrate that SSAT-X
mRNAs are degraded by NMD, Hyvonen et al inhibited NMD in fetal fibroblasts by treatment
with cycloheximide or an siRNA targeted to UPF1. Under both conditions, they observed an
increase in the relative amount ofSSAT-X mRNA, thus providingevidence thatSSAT-Xis a target
ofNMD. Furthermore, they observed a decrease in the relative amount ofSSAT-Xin cells treated
with cycloheximide and DENSpm compared to cells treated with only cycloheximide, indicating
that the addition ofpolyamines does not enhance NMD activity, but does affect alternative splic-
ing.53Polyamines also affected the splicing ofa PTC+ isoform ofan unrelated gene, CUd, but did
not affect the splicing of three other genes, indicating that polyamines may specifically regulate
other transcripts as well Although the mechanism which enables polyamines to regulate changes
in alternative splicing ofSSAT is not known, the results of the above experiments show a clear
and novel example ofRUST.

Defects in the regulation of unproductive splicing can lead to disease. Myotonic dystrophy
(DM), an autosomal dominant disease, is the most common form ofadult-onset muscular dys-
trophy. DM has been shown to be caused by either oftwo repeat expansions whose presence in an
mRNA affect the function ofseveral splicingfactors" such as CUG-BPI and thus induce splicing
changes in several genes55.S6 (refer to chapter by Orengo and Cooper). The mechanism by which
these repeat expansions affect the function ofCUG-BP 1 is not clear ; however, the misregulation
of CUG-BPI has downstream effects that contribute to DM. Patients develop myotonia from
lack ofmuscle-specific chloride channel 1 (CIC-l). The misexpression ofCUG-BP1 in DM tissue
results in the mis-splicing ofthe CIC-l pre-mRNA.57

The normal developmental splicing pattern ror CIC-l has a PTC+ splice form in embryos
but a productive splice form in adult cells, In DM tissue, CIC-l splicing reverts to its embryonic,
PTC-containingsplicingpattern-which isgreatly reduced in abundance,likdy as a consequence
ofNMD.58 Tissues from DM patients have increased steady-state levels ofCUG-BPl protein
and the overexpression ofCUG-BPl in mouse skeletal muscle and heart tissues results in the
embryonic splicing pattern of CIC_l.59,fIJ In addition, expression of the CUG-BP1 protein is
decreased in mouse skeletal muscle and heart tissues shortly after birth,60.61providingevidence that
the CUG-BPI protein influences the splicingofthe PTC+isoform. Thus , it appears that normal
CIC-l expression is governed by RUST and that the DM disease is caused by undermining the
proper function ofsplicing factors with consequent disruption ofRUST.

Autoregulatory Unproductive Splicing
There is abundant evidence that RUST is used ror autoregulation, most prevalentlyofproteins

that are part ofthe splicing or translation machinery. In some fascinating cases, proteins that arc
not generally involved in mRNA processing bind specifically to their own transcripts to affect
their splicing and elicit NMD. One example of this is found in yeast. Yeast genes are generally
unspllced, but in the fewintron-conraining genes, intron inclusion can introduce an in-frame stop
codon and target the transcript for NMD. The yeast ribosomal protein RPL30 binds to its own
pre-mRNA to prevent intron removal. This retained intron contains a PTC that triggers NMD.62
The mRNAs of other yeast ribosomal protein genes, including RPL28 (CYH2) and RPS17B
(RP5lB), sometimes retain their introns and become natural NMD targets, leaving open the
possibility that their splicing is also regulated to elicit NMD.63

Some ribosomal proteins in C.ekgans are similarly autoregulated. A screen ror natural targets
ofNMD identified the genes for ribosomal proteins L3, L7a, LlOa and Ll2. Each ofthese genes
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can be altemativdy splicedto generate either a productiveisofonn or an unproductiveisoform
that containsa PTC and isthereforedegradedbyNMD. Theratioofproductiveto unproductive
alternative splicingof rpl-12 isaffected bylevels ofRPL-12 protein.indicatingthat unproductive
splicingofrpl-12 isunder feedback conrrol." Morerecently. NMD-target isofonnsof the human
ribosomalprotein genesrpL3and rpL12wereidentifiedand the unproductive splicingof rpL3
was shownto be autoregulared byrpL3protein in a negative feedback 100p.99 RUST thus seems
to playa similarrole in the regulationof ribosomalproteins in species from yeastto human.

A strikingnumberofsplicingfaetors anddements ofthe splicingmachineryareautoregulated
through RUST (Fig. 5 and Tables Ic and ld). One such exampleis the polypyrimidinetract

DNA

lTanslPtJon

productJl splicing

translation

affecls splicing
of other transcripts

EJC!translation

L
Degraded by NMD

Figure5. Autoregulatoryunproductive splicing. Some splicingfactors, such as PTB and SC35,
regulate the splicing of their own transcripts so as to alter the proportion of unproductive
isoforms.lO•

67 This creates a negativefeedback loop, stabilizingthe concentration of the splic-
ing factor over time. Autoregulated splicing factors are generally not specific to their own
transcripts, however; they impingeon the splicing of many other pre-mRNAs as well.
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bindingprotein (PTB).aprotein whosefunction is to inhibit splicingbycompetingwith U2AF
for the polypyrimidine tract and perhaps through other mechanismsaswell(reviewedin refs.
50,65). PTB is alternativelyspliced to produce two major productive isoforms (one ofwhich
lacks exon 9).66.67 one minor productive isoform lackingcxons 3-9.67.61 and two unproductive
isoformslackingcxon 11.Removingexon 11causesa frameshift: leadingto a downstream PTC.
PTB protein has been found to promote the removal of exon 11 from its own transcripts."
Consequently. whenPTB levels arehigh, PTB production isslowedbytargetingPTB transcripts
for NMD and when PTB levelsare low,production is acceleratedby reducing the proportion
oftranscripts that are degraded.67.69.70

A similarautoregulatoryprocesshas been reported for membersofa familyofsplicingfactors
known as SR proteins. Overexpression of the SR protein SC35 upregulates the splicingof its
own NMD-targeted isoformto reduceprotein producdon.'? Intriguingly. similar unproductive
splicingis found in all human SR genesand some hnRNPs.and thealternativesplicingevents
that create the PTC-containing isoformsare conserved in mouse orthologs.l'" 108 Remarkably,
some of the most conservedregionsof the human and mousegenomesare associated with this
unproductivesplicing.

The CDC-like kinascs (Clks). which regulateSR proteins, seemto be affectedby RUST as
welL20 RUST appears to regulate the Clkl protein through an indirect feedbackmechanism.
CUd has been shown to indirectly modify splicingof its own transcript, most likelythrough
phosphorylation of SR proteins," Thus, as a variation of the autoregulatory circuit described
above.increasedClkl activitymayresult in changesin theactivityof one or more SR proteins.
TheseSRproteins in turn affectthesplicingofCUd pre-mRNA to favora PTC+ transcript that
is predicted to undergo NMD. This PTC+ transcript is stabilizedby cycloheximide, providing
evidencethat it is indeed normallydegradedbyNMD.72 RUST regulationofSR proteins. CIks
and PTB mayhavedownstreameffects on manypre-mRNAs.Thus,RUST can regulatefactors
that control alternativesplicingofmanyother geneproducts.

Finally. splicingfactors that are autoregulatedby RUST mayalsobesubject to RUST that is
triggeredbyheterologousfactorsratherthan autoregulation.Thisisseenin the alternativesplicing
of PTB. which can be affectedby the splicingregulatorsraver1 and CELF4. forminga network
of regulatoryfactorscontributingto RUST.67

Conservation ofRegulated Unproductive Splicing and Translation
(RUST)

The coordinated use of alternativesplicingand NMD is seen not only in mammals but in
organisms asdistant asycasr62 and plants.73The mechanismofPTC recognitiondiffers between
mammalsand other species, where it does not seemto depend on the location ofthe stop codon
relative to exon juncdons." There have been significant advancesrecently in elucidating the
recognitionmechanismin flies and yeasr.7S•76 but the rulesare not clearenough to allowfor com-
putational identificationofNMD targets.Nonetheless,NMD affects geneexpression in avariety
ofdifferentOrganisms.24.71

In several ofthe examples discussed above,analysis oforthologousand paralogous sequences
suggests that splicingto generatePTC+ alternative isoforms and thus RUST regulation, is shared
across species and across protein families. In the caseof PTB. the sequenceand upstreamregula-
tory dements ofalternatively includedPTC-containingcxon11areverysimilarbetweentheFugu
rubripes orthologand the analyzcdhutnangene.aswellasin thehumannPTB paralog."Mouseand
monkeyorthologsofthe human multidrugresistance associated transporter.AJJCC4 sharehighly
conservedPTC-containingcxons that areorthologousto the alternativelyincludedcxonsofhuman
.AJJCC4. another apparent RUST target.7lI Particularly strongevidence of conservation of RUST
is found in the Clks.Alternative splicingto excludeexon4, introducinga framcshift: and PTC. is
conservedamongthreehuman paralogs (CUd, C!k2 and Clk3). the three orthologsofthesegenes
in mouseand eventhe solecopyof the genein the seasquirt Cionaintestinalis.2DOne SRprotein in
Ciona alsohas unproductivesplicepatrernsmatchingthoseseenin human and mouse.!07



206 Alt~tJ~Splidng;n th~Postgmomk Era

The action of NMD on a gene can be retained even when the specific alternativesplicing
eventsthat elicit NMD are not conserved. As discussed above,MIDl is a human RUST target.
Interestingly, whilePTC+isoforms ofMID 1werefound in human,mouseand fugu. the respon-
siblestop codonswere introducedbyalternativeexonsthat showedno homologybetween these
species.52 Thus, in this case, it appearsthat the RUST mode ofregulationwasmaintained while
the specific sequence dements triggeringit were not. This suggests that RUST has often and
readilyevolvedto regulatespecific classes ofgenesin organisms that alreadyhave both alternative
splicingand NMD.

Why Regulated Unproductive Splicing and Translation?
A substantialportion ofalternatively-spliced mRNAsseemto be targetsofNMD. We have

discussed possibleexplanations for the prevalence ofunproductivesplicing: do thesespliceforms
representbiologicalnoiseor are theyproduced to regulateprotein expression? Therelativdylow
abundanceand lackofconservationofmanyPTC+isoforms suggests that manyoftheseisoforms
are nonfunctional or cellularnoise,but the growingbody ofexamples nevertheless suggests that
RUST playsa significantregulatoryrolein the cell,

Many truncated proteins encoded byalternativetransctipts would be nonfunctional even if
their transcriptswere not removedbyNMD.ls thecombinationofalternativesplicingand NMD
inherentlydifferent&omalternative splicingthatproducesnonfunctionalprotein?Or doesalterna-
tivesplicingaloneprovidethe important regulatorystep, with NMD actingonlyasa convenient
but inessential cleanupmechanism? Someproven cases ofRUST illustratethat the coordinated
actionofboth pathways isrequiredfor regulation.As describedabove, expression oftheSRprotein
SC35 is autoregulatedby RUST; its alternativesplicingoccursin the 3' UTR to createan emn
junction downstreamofthe originalstop codon without changingthe open readingframe.10 The
alternativesplicingseemsto haveno roleother than causingthe originaltermination codon to be
recognized aspremature.Without NMD. thealternativemRNAwouldstillencodethe full-length
protein. so the alternativespliceeventalonecould not beused to regulate protein levds.It seems,
then, that some geneshaveevolvedto cake advantage ofthe combination of alternativesplicing
and NMD in a role different&omthose filledbyeither processalone.

RUST seems, at first, to be a wastefulprocess.A gene is transcribed and spliced,only to be
degraded before it canproduce a protein. Yetweknow that there are functional casesofRUST.
The cost to the cell of transcribing apparently-extraneous RNA is clearlynot prohibitive. In
humans, roughly 85-95% of transcribed sequence is spliced out as incrons and discarded.'Ill
Evidently. transcription ofincron sequenceisnot a significantselectivedisadvantageand incron
splicingmayevenprovidesomegeneralselectiveadvantage. Similarly, the costoftranscribinga
pre-mRNA only to spliceit into an unproductive form must be balanced bythe advantagesof
an additionallayet ofregulationofgeneexpressionor the flexibility to evolvenew geneisoforrns
without harmful effects.

How isa processlikeRUST beneficial to thecell?It providesan additionallevd of regulation.
Transcriptionalregulationis the most studied meansofcontrollinggeneexpression, but in some
casesadditionalcontrolmaybebeneficialSplicingregulationoccursafu:r thedecisionto transcribe
a regionand RUST mayprovidearapidwayto changethe levels ofproductivemRNA. Inextreme
cases suchasthe dyscrophin gene,transcriptioncancake manyhours'?and the requirementsofthe
cellmight changeafu:r transcriptionbeginsbut beforea criticalsplicingdecisionthat determines
whetheror not to introduceaPTC. Evenwhentemporalregulationisnot necessary. an extra layer
ofregulationcanhelp finetune or amplifytranscriptionaland other regulation.

RUST couldeitherincreaseor decreaseprotein expressionfromsteady-statelevels.Thesplicing
factor PTB illustratesthis point. At steadystate, 20%ofthe transcribedpre-mRNAsofPTB are
splicedto an unproductiveform.67Ingeneral,weexpectthat a RUST-regulatedgeneistranscribed
to producemorepre-mRNAthan isneededat steadystateand that in normalconditions there isa
base levelofdownregulationbyunproductivesplicing. This&actionof"wasted" transcriptsconsti-
tutes the headroom available to the regulatorysystemto increase levels ofproductivetranscript.
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In asystemwith prevalentalternative splicing. regulationbyRUST mayevolve easily. Forany
particulargene,therearemanypossible alternative splicingeventsthat couldintroducea PTC and
elicitNMD (Fig. 1).Ifthe sequence of the genechanges slightlyto promote one ofthesesplicing
eventsin certain splicingenvironments and the resultingdownregulation of the geneby NMD
is beneficial. then a basicsort of regulationhasevolved. Thishas clearly occurredindependently
manytimes.Indeed, RUST seems to haveevolved independentlyin everyone of theSRgenes.ID7

Without NMD ,alternativesplicingcanstillregulategeneexpression byproducingnonfunctional
proteins.Theadditionaladvantages of couplingsplicingwith NMD maybethat it preventsaccu-
mulationofpotentiallyharmfultruncatedproteinsand that it reduceswastedtranslation,making
unproductivesplicingless costly.

Splicingfactors suchasPTB seemto beoverrepresentedamongtheknownRUSTtargets. Is this
acoincidenceor acquisitionbias.or isRUSTusedmostoftento regulateasmallsetofproteinsthat
arealreadycapableofbindingpre-mRNAs?Thelattermaybethecaseforautoregulation byRUST.
A protein that hasan existingrole in splicingmayevolve autoregulationthrough splicingmore
easilythan a non-RNA-bindingprotein. Indeed, this is a simpleand elegantmeansof regulation
for RNA bindingproteins.Thereareonlya handfulofknowncases in whicha protein thatis not
a splicingfactor is aueoregulared by RUST and eventhesearepredominantlyribosomalproteins
thatdo bind RNA in other, nonsplicingcontexts.However, autoregulation is by no meansthe
only roleof RUST and there is no reasonfor non-autoregulatoryRUST to affectsplicingfactors
preferentially. Theexamples listedin Table1 indicatethat RUST is involved in the regulationof
a diverse setof proteins.

Thepotentialforalternative splicingto regulategeneexpressionhasbeenappreciatedformany
years. Binghamecal proposed that "on/off regulationat the levelof splicingmight be unexpect-
edlycommon; in a 1988reviewfeaturingthreecases ofunproductivesplicinginDrosophila.81An
earlypaperabout the splicingfactor ASF discussed alternative splicingas a quantitativecontrol
of geneexpression." Nonsense-mediated decayadds an additional layerto the storr]; manyof
the unproductivespliceforms identifiedyearsago are now known to be degradedrather than
translated.Alternativesplicingand NMD can be combinedin an elegantwayto regulatea wide
varietyof genes.
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CHAPTER 13

Alternative Splicing in Disease
James P.Orengo and Thomas A. Cooper"

Abstract

~
temative splicingisa majorsourceofdiversityin the human proteome.The regulationof

alternativesplicingmodulatesthe compositionof thisdiversityto fulfill the physiological
uirementsof a cellWhen control of alternativesplicingis disrupted, the resultcan be

a failure to meet cellular and tissuerequirementsresultingin dysfunctionand disease. There are
severalwell-characterizedexamples in whichdisruption ofalternativesplicingisa causeofdisease.
Investi.gati.ons into howthe mis-regularionofalternarivespUcingcausesdisease complementsinves-
tigationsofnormalregulatoryprocesses and enhancesour understandingofregulatorymechanisms
in general Ulti.marely. an understandingofhow alternative splicingisalteredin diseasewillfaciUtate
strategiesdirected at reversing or circumventingmis-regulatedsplicingevents.

Introduction
Mutations that causediseasebyaffecting splicingeither disrupt cis-actingsplicingsignals or

the trans-acting components thar are required for recognition or modulation of splicesite use.
Mutationsthardisrupt cis-acti.ngdementsor trans-acti.ngfactorshave significantlydifferentimpli-
cations.Cis-actingsplicingmutations alter expression of onlythe mutated allele whilemutations
tharaffect splicingfactorsrequiredfor constitutiveor regulatedsplicinghavethe potentialto affect
large numbersofgenes.Cis-actingmutations most often result in aberrantsplicing.which can be
definedas the expressionof nonnatural mRNAs thararenot expressed in normal circumstances.
Two thirds ofthe time, aberrant splicingalters the reading frame ofmRNAs such that they are
often degraded bynonsense-mediared decay. Therefore. the mechanismbywhich most cis-acting
splicingmutations causedisease isby lossoffunction of the mutated allele.

Mutations in trans-acting factors that regulate alternative splicing result in expression of
natural splicevariants. however, thesemRNAs are expressed at inappropriate levels or contexts.
Suchaberrant regulationofsplicingcauses diseasebecausethe inappropriatdy expressedisoforms
cannot fulfill the functional requirementsof the cell. or they have a function that is detrimental
to normal cellphysiology.

Early estimates were that 15% of point mutations thar cause diseasedid so bydisropting
splicing,' This prediction was made prior to knowledge that emns contain a vast array of cis
dements that are required for appropriate emn recognition. More recent estimates based on
cnensive surveys ofmutations within individualgenesnow suggestthat the primary effectofup
to 50%ofdisease-causingmutations is to disrupt splicing.~ The extent to which splicingmuta-
tions causedisease is still under debate as some propose that most diseasecausing mutations
disrupt splicing.3

Therehavebeenseveralrecentreviews highlightingaberrantsplicing.2.4 Herewedescribeseveral
examples in which alterations in alternativesplicingand its regulation result in disease.
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Tauopathies: Mutations in theMAPTGene
A large number of disease-causing mutations within the MA.PTgene encoding tau cause

disease bydisrupting the balancedexpression ofmRNA lsoformsthat contain or Iack: ann 10.
The known causes of.MAPT-associated mis-splicingdisordersdescribedbelowarcdue to muta-
tions in cis-actingdements that determine ann 10 inclusion, however, there is evidencethat
alterations in the functions of trans-actingfactors that regulate splicingof ann 10 also playa
role in tauopathies.

Tauisamicrotubulebindingprotcin that enhancesmicrotubuleassemblyand controlsmicro-
tubule dynamics. Tau-mediatedregulationofmicrotubulesisparticularlyimportant fur neuronal
processes suchasneuriteoutgrowthand axonaltransport. Taupathologyhas several components.
First,pathologicaltau accumulates in inclusionsor neurofibrillary tangles in a number of diverse
neurodegcncrativediseases suchasAlzheimer's disease:, progressive supranuclearpalsy (PSP),corti-
cobasaldegcneration, argyrophilicgraindisease and frontotemporallobardegeneradon.' Second,
tau ishighlyphosphorylatedat up to 38sites.Phosphorylationisdevelopmentally regulatedwith
increasedphosphorylationin embryoniccomparedto adult isofurmsandpathologicaltau located
in inclusions is the hyper-phosphorylatedform,6 Third, the essential roles of microtubules in
neuron function make thesecells particularlysusceptible to aberrant tau function.Therefore, the
mechanisms bywhich altered tau expression can result in disease includelossofa tau-associated
MT function, gain ofan aberrant function due to hypcrphosphorylationand the accumulation
and resultingtoxicityofneurofibrillary tangles.

It is still a matter of debate whether the neurofibrillary tangles fuund in Alzheimer'sdis-
ease,fur example,arc a causeor a consequenceofpathology. However,the demonstration that
mutations in.MAPTcauseanother neurodegenerativedisorder.frontotemporal dementia with
parkinsonismlinked with chromosome 17(FTDP-I7), establishedaclearcause-effect relation-
shipbetweenmutations in the.MAPTgeneand neurodegenerativedisease,7.l1 In FTDP-17 there
are two pathwaysto pathogenesis. Approximatelyhalfof the mutations that causediseaseare
missense mutations that directlyalter tau function and disrupt microtubule binding capability
or increasethe propensity fur selfaggregation.In the other pathway,which is the subjectofthis
section, mutations in alternativeann 10 or adjacent intronic regions disrupt the normal ratio
of isofurmsgenerated by alternativelysplicing.The total levelof tau protein isoforms remain
unchanged, only the ratio is altered.

.MAPTann 10encodesa31 aminoacidsegmentthatencodesthe fuurth offuur microtubule-
binding domains. The CNS normallyexpresses a 1:1 ratio ofmRNAs includingand excluding
ann 10 which encode the 4R and 3R protein isofurms, respectivdy. FTDP-17 mutations
primarilycauseoverexpression of4R lsoforms at a 2-3 to 1 ratio.8It is unknownhow changesin
the 4Rl3R ratio result in neurodegcneration. Potential mechanismsinclude reduced affinityof
tau fur microtubulesresultingin microtubuledysfunctionand the aggregation ofexcess free tau
favoredbyaltered ratiosofsplicevariants.59

Alternativesplicingofcxon10isregulatedduringCNS developmentsuchthat the 3Risofurms
arc expressed in embryonic brain and the 4R isoforms gradually appearafterbirth. Ofthe three
MAPTalternativesplicingeventsonly the 3R to 3R +4R developmentaltransition is conserved
in human, mouse, rat and guinea pig.lO Exon 10 and its Bankingintrons contain a myriad of
cis-actingdements, reflectingthe precise dcvdopmental regulation required to maintain the
appropriate 4RI3R balance in the adult CNS. In fact,MAPT ann 10 representsan excellent
exampleofthe features that establisha specific levelofbasalemn inclusion.Weak3' and 5' splice
sitesarc balancedby the presenceofpurine and AlC-rich eronic splicingenhancers (ESEs) and
cxonicsplicingsilencers (ESSs). A stem loop structure is proposed to sequesterthe 5' splicesite
which promotes exon skipping.8 All fifteen FTDP-17 mutations that affect cxon 10 splicingarc
located from 10 nucleotides upstream to 29 nucleotidesdownstream of the ann.6 Mutations
causingFTDP-17 either strengthen the 3' or 5' splicesites,strengthen an ESE.wcala:nan ESS,
or alter the stabilityofthe 5' splicesitestemloop.All ofthesemutations changethe4R13Rratio
toward the 4R isofurm.ll ,12
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Several proteins(suchasp54,Tra2jJ, SF2/ASF, SRp30c,SRp55and RBM4)havebeenshown
to affectMAPTcxon 10 splicing and bindingsitesfur several of theseproteinsarcdisrupted by
disease-causing mutations.I3-17 Intriguingly, recent resultssuggest thatalterations in the activities
of trans-actingfactors can also cause mis-exprcssion of 4RJ3R ratios.For example, alternative
spUcingofcIk2,whichencodesaproteinkinasethat phosphorylates SRproteins, includingTra2jJ,
is alteredbyovc:rcxpression of CLK2 and Tra2jJ. Differences in alternative splicing of MAPT,
Tra2jJ and clk2 in CNS regions most affectedin Alzheimer's disease comparedto agematched
controlscould reflecta change in the activities of the splicing regulatorsand effects on their tar-
gets.18 Barringthe possibilityofgeneral splicingchanges secondaryto CNS damage. theseresults
suggest the potential fur cross regulationbetween aMAPT splicingregulatorand its kinasethat
couldbealtered in pathologicalconditions.

MAPT exon 10 is actively used as a paradigm to developtherapeutic methods to correct
aberrant splicing. Twogeneralapproaches havebeen pursued to correctthe balanceofisofurms
without affectingMAPT transcription. One approach, pioneeredby R. Kale, hasbeen to use
modified antisense oligonucleotides complementary to the splicesites flanking the alternative
exon.19 Oligonucleotides complementary to the 3' or 5' splicesitesinhibited inclusionof cxons
containing FTDP-17 mutations in exogenously expressed minigenes of MAPT exon 10. The
oligonucleotides were 2'-O-mcthyl modified to increase theirhalf-life and to prevent RNase
H-mcdiated RNA digestionof the DNA-RNA hybrid.Antisense oligonucleotides wereshown
to induce exon skippingof endogenous MAPT cxon 10 in rat pheochromocytoma PCI2 cells
and the effects werespecific to ezon 10 because splicingof alternative emns 2 and 3 were not
affected. Westernblot analysis demonstrateda shift to 3R protein isofurms without a change in
total tau protein levels. Importantly, inducingthe shift to 3R isoforms had a significant effecton
microtubulefunction basedon cell morphologyand microtubuledistribution,comparedto cells
treated to control ollgonuclecddes,"

Spliceosome-mediated RNA trans-splicing (SMaRT) is a diffcrc:nt approachto correctaber-
rant splicingin which the desired wild type mRNA segmentcan replace a pathological mRNA
segmentby trans-splldng." In this strategy, an RNA is exogenously expressed that contains a
sequencecomplementaryto an intronic regionupstrcarn of the mutation in the pre-mRNA, fol-
lowedbya strong 3' splicesite and an exoncontainingthe wildrypcsequence. The endogenous
mutant pre-mRNAannealsto the exogenous RNA such that the two RNAsaresplicedtogether
producingan mRNAencodingthewildtype protein.Thisis a ncwapplicationfurSMaRT,which
previously was usedonly to target constitutively splicedexonsand opensthe possibility of using
trans-splicing to decrease the pathological4RJ3R ratio in FTDP-17.11The general challenge of
applyingtheseapproaches inpatientsis in dclivcringthetherapeuticagentsefficientlyand specifi-
callyto the appropriatetissues. A particularchallenge fur correctingaberrantsplicing of MAPT
exon 10 is to restoreand maintain the correct4RJ3R ratio.

MyotonicDystrophy
Myotonicdystrophy(DM) is an autosomaldominant, multi-systemic disorderwith an inci-

dence of approximately 1 in 8000. Individuals affected with DM develop debilitatingprogres-
sivemusculardegeneration, myotonia,cardiac arrhythmias, dilated cardiomyopathy, sleepand
neuropsychiatric disorders, dementia,a mildform of type 2 diabetes,defective smooth muscle
function leadingto digestive motiliryabnormalities, infertility, testicularatrophy, frontal bald-
ing and cataracts.131here arc two furmsof myotonicdystrophy, DMI and DM2, which exhibit
strikinglysimilar symptoms but arccausedbymicrosatcllite expansions in separate and unrelated
genes. DMI, which represents the majorityofDM cases, is causedbyan expandedCTG repeat
in the 3' untranslatedregion(UTR) oftheDMPKgene.14-26The secondform,DM2, is causedby
an expandedCCTG repeatin intron 1oftheZNF9 gene.17The expandedalleles causingDMI or
DM2 express transcriptscontainingthe expandedCUG and CCUG repeats, respectively. These
transcriptsremain trapped in the nucleus werethey form fod (Fig. I). Thereis strongevidence
to indicate that the expandedrepeat transcriptsand not disruption of DMPK or ZNF9 gene
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Figure1. CUG repeat-containing nuclear foci in DM1 fibroblasts. Cultured DM1 fibroblasts
stained forCUGrepeat containingRNA usingf1uorescently labeled protein-nucleic acid (PNA)
probes and polyclonal antibody against MBNL1.

expression, is responsible for pathogenesis in DM.28First, the fact that the expression ofunrelated
genes containingexpanded repeats cause similar symptoms in DMI and DM2 suggests a common
molecular mechanism that is independent ofthe function ofthe genes containing the expansion.
Second, a transgenic mouse model (HSALR) expressing a human skeletal alpha actin mRNA
containing 250 CTG repeats , specifically in skeletal muscle, recapitulates many features ofDMI
including histological abnormalities, foci formation and myotonla," Third, DMPK knock-out
mice do not exhibit a significant DMI phenotype.30.31 Fourth, none ofthe large number ofOM
cases that have been characterized thus farare due to mutations that result inDMPKor ZNF910ss
offunction; the only known alterations in these genes are the expanded CTG or CCTG repeats.
Therefore, the repeat expansions rather than a loss offunction ofthe mutated alleles appear to be
the cause ofdisease. In addition, the consequences ofexpression ofa toxic transcript from a single
expanded allele is consistent with the dominant inheritance ofthe disease.

A major feature ofOM isdisrupted regulation ofaltemativesplicing.In contrast to diseases caused
bymutations that disrupt splicing in cis, the expanded repeat RNA alters the activities ofsplicing
regulatory factors causing a transdominant misregulation ofalternative splicing. Twenty-one genes
have been found to undergo misregulated alternative splicing in OM heart, skeletal muscle, or CNS
(Table I). All of these alternative splicing events are devdopmentally regulated in the absence of
disease,however in DM, the embryonic splicing pattern is aberrantly expressed in adult tissue.

WhUe the functional consequences of the majority of misregulated splicing events in OM
are unknown, two splicing events have cause-effect rdationships with OM clinical features. First ,
in individuals with DM, the embryonic mRNA isoforrns encoding the muscle-specific chloride
channel (CLCNI) are aberrantly expressed. These isoforms contain premature termination
codons, which lead to decreased CLCN1 mRNA levels secondary to nonsense mediated mRNA
decay.32.33 The resultingloss ofchloride conductance causes the myotonia (inability to relax muscle
contractions) in individuals with OM.34 Second, the embryonic isoform ofthe insulin receptor
(IR) that is mis-expressed in OM skeletal muscle has decreased signaling efficiency consistent
with the insulin resistance frequently observed in individuals with DM.35.36 It is likely that other
misregulated splicing events contribute to different aspects of OM pathogenesis. Ofparticular
interest are splicing events that contribute to the major dererminants ofmorbidity and mortality
in affected individuals such as muscle wasting, cardiac dysfunction and CNS abnormalities.

The expression ofthe CUG- and CCUG-repeat containing RNAs in OM disrupts the regula-
tory activities ofat least two families of splicing factors, MBNL (Muscleblind-like) and CELF
(CUG-BP and ETR-3-like factors), which in turn results in many of the splicing abnormalities
observed in DM. MBNL and CELF proteins antagonistically regulate the splicingofat least three
ofthe pre-mRNAs that are affeCtedin OM tissues. Significantly, both are also involved in regulating
the normal devdopmental splicing transitions ofthe same pre_mRNAs.37-39

Muscleblind was initially identified as a gene required in Drosophila for muscle and photore-
ceptor celldevelopment.t-" Drosophila MBNL and the three mammalian homologues (MBNU,
MBNL2 and MBNL3)42.43 all contain four CYS3His-type zinc finger domains and have been
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Table 1. Alternativesplicingchangesin DM

Gene hon/lntron Pattern in OM Tissue Reference

ALP Exon Sa inclusion Skeletal muscle Heart 39
Exon 5b exclusion 89

APP Exon 7 exclusion Brain 47
CAPN3 Exon 16 exclusion Skeletal muscle 39
CLCNI Intron 2 retention Skeletal muscle 33

Exon 7a and Ba inclusion 32
FHOS Exon 11aexclusion Skeletal muscle 39
CFATI Exon 10 exclusion Skeletal muscle 39
IR Exon 11 exclusion Skeletal muscle 35
KCNABI Exon 2 exclusion Heart 89
MBNLI Exon 7 inclusion Skeletal muscle 39
MBNL2 Exon 7 inclusion Skeletal muscle 39
MTMRI Exon 2.1 and 2.3 exclusion Skeletal muscle Heart 90

38
NMDARI Exon 5 inclusion Brain 47
NRAP Exon 12 exclusion Skeletal muscle 39
RYRI Exon 70 exclusion Skeletal muscle 91
SERCAI Exon 22 exclusion Skeletal muscle 91

39
SERCA2 Intron 19 retent ion Skeletal muscle 91
TAU Exon 2 and 3 exclusion Brain 47

Exon 10 exclusion 92
z-Titin Exon Zr4, Zr5 inclusion Skeletal muscle 39
m-Titin M-line exon 5 inclusion Skeletal muscle Heart 39

89
TNNT2 Exon 5 inclus ion Heart 62
TNNTJ Exon F (fetal) inclusion Skeletal muscle 51
ZASP Exon 11 inclusion Skeletal muscle Heart 39

89

shownto bind CUG-repeatRNAsof greaterthan 20 repeats.43CUG repeats of this length (or
longer)foldintoan interrupted,A-form-like: double-strandedRNA.«·4s Additionally, the MBNL
proteins colocalize with CUG and CCUG repeatnuclearfoci in DM cdls42,46 which depletes
the nucleoplasmic pool ofMBNLy·48 In supportof the hypothesis that splicing abnormalities in
DM arcdue to a loss ofMBNL function,siRNA-mediated depletionofMBNL leads to altered
splicingpattcmsresemblingthose seenin DM forseveral targetpre_mRNAs.49.so In addition,mice
lackingthe predominant isoforms ofMBNLl (MBNL1,J3I43) display a phenotypesimilarto DM
includlngcataracts,myotonia, histological changes in skeletal muscle andextensive misrcgulation
of alternative splicing.39.S! Finally, expression ofMBNLl in skeletal muscle of the HSAlR DMI
mousemodelreversed myotoniaand several characteristic splicing changes.s2

Althoughthereisa substantial amountofevidence for theroleofMBNL in the splicing abnor-
malities ofDM, a few key observations indicate that loss ofMBNL function maynot be the only
componentofDM pathogenesis.First, fluorescence recovery afterphotobleaching (FRAP)studies
showcomparablebindingandnucleardynamicsofMBNLon foci ofexpandedCUG or CAGRNA,
whilesplicingabnormalities arcspecific to cells expressingCUG repeats," Second,both theHSALR
andMBNL1,jJI,J3mouse moddsexhibit histological abnormalities in skeletal muscle but not overt
muscle degeneration andatrophy, themain cause ofdeathinhumans. Third,whilethe expression of
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MBNLI inHSPmicercvascd.splicingabnormalities,itdidnotrcvcrsethehistologicl1abnonnali-
tiesofHSAUl micesuggesting that thereisanothercomponentto DM pazhogenesis,"

It is clearthat the CELF family of proteins alsocontribute to DM pathogenesis. This family
includessixgeneswhich encodeproteins that regulate manyposttranseriptionalRNA process-
ing steps including alternative splicing, mRNA stability, translation and RNA editing.5+59
CUG-binding protein 1 (CUG-BP1)was initially identifiedbasedon its abilityto bind single
stranded (CUG)8repeatsand was the firstCELF family protein to be identified.60 In contrast to
MBNL.CUG-BPI docsnot bind to expandedCUG repeatsanddocsnot colocalize to expanded
repeat RNA fuci in vivo.61 However, CUG-BPI protein levels are abnormallyc:levated in DM
tissues and overexpression ofCUG-BPI in cultureda:llsor in transgenicmicealtersthe splicing
of several targetpre-mRNAsin awaythat mirrorsthe patterns seenin DM.ll,35.38.50.62.63 Moreover.
CUG-BP1was shownto beupregulatedin a DM mousemodelin whichadoxycycline-inducible
transgeneexpresses only 5 CUG repeatsin the contextof theDMPK3'UTR. Thesemicedisplay
cardiacconductiondefects. myotonia,histological abnormalities and splicingchanges similarto
DM patients,which are reversible upon doxycycline removal.64 Intriguingly. there are no RNA
foci in tissues from thesemiceand presumably they are not affected by sequestration of nuclear
MBNL.64 Theseresultssuggest that CUG-BPI and other membersof the CELFfamilyarelikdy
to playa critical rolein DM pathogenesis.

Overall, there is evidencethat both the loss of MBNL and gain of CELF activities affect
pathogenesis in individualswith DM as the disease can be partiallyphenocopied in different
mouse modds by either reducing MBNL or increasingCELF activity.18·51 It is likdy that the
mechanismofDM pathogenesis alsoinvolves alterationsin other post transcriptionalprocessing
eventsregulatedbythe CELF and MBNL proteins58.59 aswellas through other,yet to be identi-
fied factors.A great dealof mechanisticinformation has been learned sincethe discovery that
micro-satellite expansionswithin noncodingregionscancause disease; however, the connections
betweenthe MBNL and CELFprotein families and the majorpathogenicfeatures ofthe disease
remainto be firmlyestablished.

Facioscapulohumeral Muscular Dystrophy (FSHD)
FSHD isthe thirdmostcommonformof inheritedprogressivemusculardysrtophyexhibiting

dominant inheritanceandaffeetingpredominantlyfaeialandshouldergirdlemuscle bythesecond
decadeoflife. The mutation causing -9596 of cases was identifiedin 1992 but the mechanism
of pathogenesis hasremaineda mysrery.65The majorityofFSHD cases are causedbydeletionof
tandem 3.3 kb repeats, calledD4Z4, located on the subtdomeric region of chromosome4q35.
TheD4Z4 regionisproposedto contain clements that repress transcriptionand the lossof these
dements has been postulated to result in overexpression of one or more of three closdy located
genes. PRGI, PRG2 andANTl.66 While srillunder debate,this mood nicdy explains dominant
inheritanceaswellasthe observations that largerddetions removingmoreof the tandem repeats
correlates with higher expression levels of these genesand increaseddisease severity. A recent
report found that mice overexpressing PRGI, but not PRG2 or ANTI, induced a muscular
dystrophythat resembles FSHD.67 FRG1 was previously identifiedas a component of purified
spliceosomes" and isfound in nuclearregionsassociatedwith spllcingfacrors'" suggestingarolein
someaspectofsplicing. Interestingly, FRG1overexpressingmiceexhibiteddefects in the alternative
splicingof two genesthat are alsoaffectedin myotonicdystrophy: Tnnt3 and Mtmr1. Splicing
abnormalities in these two geneswere alsoidentifiedin muscle culturesfrom FSHD patients,67
however. resultsof splicinganalysis usingtissuesamples from individuals with FSHD remain to
be described. Overexpression ofFRGI in C2C12 mouse muscle cellculturesinduced splicing
changes in thesegenes,supportingthe contention that the splicingchanges werea direct effectof
protein overexpression rather than a secondaryeffectdue to muscle degenerarion/"In addition.
alternative splicingof Tnnt3 andMtmrI was unaffectedin muscle culturesfrom individualwith
Duchenne's and merosin deficient muscular dystrophies," The relationship between splicing
changes induced byFRGI overexpression and specific features of the disease phenotype remain
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to bedetermined, Forexample, aresplicingchangesin muscleresponsible for musculardystrophy
and. ifso, which genesaremost critical?In addition, the splicingparterns in FSHD samples do
not revert to the embryonicsplicingpatterns asobservedin DM. Therefore, if the FRGI mice
reproducethe mechanismaswell as the phenocopyofFSHD, thisis likelyto representa disease
mechanismthat is distinct from DM.

Cancer andMis-Reswlated Splicing
Aliteraturesearchofspllcingalterations associatedwith cancerpullsout thousandsofcitations

indicatingjust how widespread such changesare.It is useful to considerthree aspects in which
alteredsplicingisrelevantto cancer. First isthequestionofthe cause-effectrelationships between
alteredsplicingand cdlulartransformation or metastaticspread.Which splicingchanges associated
with cancercontribute to the causeor progression of the disease? Second,splicingsignatures, in
combinationwith histological and additionalmolecularmarkers, can contribute high-resolution
informationto diagnostic(what isit?) andprognostic(whatisthetypicaloutcomel) Indicadons,"
Thevalueofthisapproachrequiresthe identificationof a splicingsignaturethatconsistendycor-
relateswith tumor type or grade,prognosticindicatorsor levelofresponsiveness to specific treat-
ment regimes. Finally, cell-specific alternativesplicingcanbe utilizedin genetherapyapproaches
for cell-specific therapeuticdelivery.

Known cause-effect relationships betweenspecific splicingeventsand cancerareofparticular
interest. In general, as for the other disease-associated splicingeventsdescribedabove,splicing
abnormalitiesthat arecausative ofcancercanbe attributed to cis-actingmutationswithin a single
gene,or due to a changein a geneencodinga trans-actingsplicingfactor.whichpredisposes those
cells for progressionto a malignantphenotype.Betterunderstood arecis-acringmutationswithin
cancerrdevant genessuchastumor suppressors, oncogenes, genesassociatedwithcdl adhesionor
migrationand apoptosis.Suchmutationsresultin alteredgeneexpressionandhavebeen identified
eitherassomaticmutationsassociated with tumorigenesis or germlinemutationsassociated with
syndromesthat include a predispositionfor tumor formation. Genes within this categoryhave
recentlybeen described.7l •n In addition, the potential rolesofalternativesplicingin regulating
apoptosishas alsobeen reviewed.73.74

Thereisgrowingevidence forabnormalities in trans-aeting factors asa cause ofsplicingmls-reg-
ulation and for theseabnormalities contributingto tumorigenicity or metastasis. Splicing factors
mostcommonlyassociated withcancerbelongto the SRproteinfamily(refer to chapterbyLin and
Fu).One of thefirstconnections berween SR protein expression, alternative splicing and tumori-
genicitywasestablished usingan elegantmousemodelofmammary glandtumorigenesis in which
preneoplastic cells wereserially transplantedinto mammary f.ttpads and characterized for progres-
sionto adenocarcinoma andmetastatic spread.75 Analysis ofSR protein expression demonstrateda
correlation berweenneoplasia andinductionofSR proteinsdetectable bythe monoclonalantibody
mAbl04,particularlythosein the30kDarange.Alsofoundwere changes in thealtemativesplicingof
CD44, whichencodesacell adhesionmoleculeandsomeofthese changes havebeen correlatedwith
metastasis. Conclusions from these studieswere that tumorsultimately express a complex mixture
ofSR proteinscomparedto preneoplasias and that themajorchanges in SRproteinexpression and
CD44 splicing occurredin the transitionbetween preneoplasias and adenoeatcinoma rather than
berween adenocarcinoma and metastasis. Even so, the connectionbetweentumorigenesis and SR
protein expression in thismodelwasnot straightforward because the expression of SRproteins in
preneoplasias wasnot predictive of tumor development or invasive potential75 Thus,a cause-dfect
rdationshipberween SRproteinexpression and changes in CD44 splicingwasnot established.

Tra2-fJ I, an SR-rdated protein,hasrecentlybeenshownto regulatesplicingofCD44and has
been linked to invasive breastcancer,76 Overexpression ofTra2-fJ1promoted inclusionof CD44
exansv4andv5and thisregulationrequiredaC/A-richESEwithinexan4.Itnmunohistochemical
analysis revealed increasednuclearexpression ofTra2-fJ1in breastcancertumorscomparedto sur-
rounding normal tissue and thiscorrelatedwith increasedinclusionofthe CD44variableexans.
Theseresultsconfirmthe earliercorrdations between CD44splicingchanges and invasive cancer
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and establishthat expression ofyet another SRprotein familymemberis increasedin thesenunors
and alters the splicingofCD44.

Strongcorrelationshavealsobeenestablishedbetweenexpression ofthe SRprotein SF2/ASF,
alternativesplicingofa target proto-oncogene,ncepteur d'origim nantais (Ron) and cellularbe-
haviorthatis consistentwith metastaticpotential," Ron is amemberofthe MET-proto-oncogene
family, a tyrosinekinase receptor thatbinds theligand macrophage-stimulatingprotein (MSP).78
Ron is expressed inepithelialcellsand bindingofMSP resultsin Ron autophosphorylationwhich
promotes protein:protein interactions that result in cellproliferation.anti-apoptotic responses,
celldissociation, increasedcell mobilityand a propensity to invadec:nracellularspace.79 Ron can
inducean epithelial-mesenchymal transition (EMT) which is characteristic ofnormalembryonic
developmentaswellas metastaticprogression oftumors,"

dRon is aconstitutivdyaetiveRon isoformgeneratedbyskippingofcxon11that is upregulated
in75%ofbreastcancersandwhichincreases metastaticpropertiesof tumor cells."UsingKATOm
gastriccarcinomacellswhich predominantlyexpress dRon, aswellas transformedcelllines that
predominantlyexpress full length Ron, Biamontiand colleagues demonstratedthat regulationof
dRon expressionbythe SRproteinASF/SF2 directlyaffected cellmigratorybehavior,"First,using
a minigenecontaining a portion of Roncontaining exon 11 and the Banking cxonsthe authors
identifiedan ESEwithin cxon 12 that binds to SF2/ASFand which is required for cxon 11skip·
ping. specifically in KATOm cells. Interestingly, this ESEfunctions specifically with SF2/ASF
asother SRproteins,suchasSRp20and SRp40,did not stimulatecxonskipping.Theconnection
between SF2/ASFexpression, induction ofthedRon isoformand cellularchanges indicativeof
EMT and metastasiswasconvincinglydemonstratedin both SF2/ASF-overexpression and RNAi
knockdown experiments (Fig. 2). For example, SF2/ASF overerpressionin 293 cells induced
dRon expression aswell asseveral features ofEMT includingincreasedcellmotility.SF2/ASFis
expressed in higher levels in KATOm cells compared to 293, consistent with the observeddif-
ferences in Ronsplicing. Importantly,siRNAknockdownofSF2/ASFin KATOm cells causeda
switch to predominantlyRon ratherthandRon andwitha correspondingdecrease in cellmotility.
Similarly, siRNA knockdownsof Ron in 293 cells overexpressing SF2/ASF alsodecreasedcell

Ron

~Ron

Figure 2. SF2IASF regulation of Ron alternative splicing affects cell migratory behavior.
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motility indicatingthatincreasedmotility in cells expressing SF2/ASF requires and is verylikcly
due to, a switchin splicingto the ~Ron isoform, Theseresultssuggest thatSF2/ASFand factors
thataffectSF2/ASFfunction (e.g., kinases, phosphatases) representpotential therapeutictargets
and that cellmigratorybehaviorin culture could serveasa potential assay to screencompounds
for such therapeuticpotential

Prader-Willi Syndrome {PWS}
Prader-Willi syndromeis a congenitalsyndrome characterized bymental retardation, short

stature, obesityand behavioralabnormalities." pws is caused bylossof the paternal copyofa
regionof!5q11-13thatcontainsmultiplegenesincluding47copiesoftheHBII-52snoRNAgene.
SnoRNAstypicallyfunction asguideRNAs(i.e., theybasepairwith target RNAs)to directmodi-
fications suchas2'-O-methylationandpseudouridylationin ribosomalRNA, smallnuclearRNA
and tRNA.81 No potential targetsiteswerefound forHBIl-52 in the usual snoRNAtargets, but it
wasnoticed thatHBI/-52 is complementaryto an alternatively splicedexonwithin the 5-HT2cR
gene,which encodesthe serotoninreceptor.HBII-52 bindsbetweentwo alremative5' splicesites
of5-HTlCR exonVand transientoverexpression ofHBII-52 moRNA resultedin enhanceduseof
the downstream5-HT2cR S splicesite.821his resultsin the expression of a functional 5-HT2cR

receptor while useofthe upstream5' splicesite resultsin expression of a truncated protein. The
snoRNAbinding site containsan ESSand it is though thatbindingofHBII-52 to the 5-HT2CR

pre-mRNAblocksthe activityofthe ESS, thereby activatingthe downstream5' splicesite.
. The story is complicatedbythe fact that five adenosines within and upstrcarnof the regionin

5·HTJcR that is complementaryto HBIJ-52 undergo RNA editing eventsthatresult in amino
acid changesthat decrease serotonin responsiveness 10 to 100 fold.81 RNA editing is carriedout
byadenosinedeaminases that recognizedouble-stranded RNA structures within the unspliced
pre-mRNA. Thus, one possibilitywasthatthe HBII-52 moRNAs coulddirect the editingofthe
5-HTJcR pre-mRNA. However, 5-HTlCR editing wasfound not to beaffectedby the HBII-52
moRNA.82,84 While the ratiosof total5-HTJcR splicevariantswasnot changedin PWS hippo-
campussamples(whichladc.HBII-52 moRNA), there wasdecreasedusage ofthe downstream5'
splicesite in the unedited pool ofmRNAs,consistentwith the absence ofHBII-52 snoRNAP
The compIere significance ofthe altered composition of 5-HT2CR isoforms to the disease is not
entirelyclear, but it appearsthatevensubtlechangesin the ratiosoflsoformscouldhaveprofound
consequences and giventhe establishedrolesof5-HT2CRin behavior,n changes in subpopulations
of 5-HT2cR could affectthe PWS clinicalpicture.

Conclusions
Mutations that cause disease by disrupting splicing or the regulation of splicing have

complemented investigationsdirected at understanding cis-and trans-actingfeatures required
for both basalexon recognition and cell-specific regulation. For example, the findingthat silent
mutations can causediseaseinitiallycausedgreat confusion. How can amutation that doesnot
affectprotein codingpotential causedisease? Ultimatelytheseobservations wereclarifiedbythe
discoveryofESEs and ESSsand their roles in exon recognition duringsplicing.8~8 Mutations
in and aroundMAPTexon 10illustratehowexon recognition canbe findy balancedbyadense
arrayofcis-dements within the environsofthe exon. The observation that DM patients fail to
appropriatdy expressthe adult isoforrnsofspecificgenesindicates that the diseaseiscausedby
a subtle defect in a normal developmentally-regulated gene expressionprogram controlled by
the CELF and MBNL proteins. There is clearlya bidirectional flowof information between
studies ofnormal moleculareventsand studies ofthe molecularmechanismsofdisease. These
results are illuminatingthe complexityofexon recognition and the alternativesplicingregula-
tory networks that are required for normal physiologicalprocesses;
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108,115.162,163.167,170
Pseudocxon 88-93,98,100-102

R

~ 162,163,170.171
Regulatedsplicingin developmentand

disease 116
Regulatedunproductive splicingand

translation (RUST) 73.190,201-207
RNA 1-9, 14-21,23-27,41 ,43-46,52,53,

55-59.66-70.73,74.76.77, 85, 88, 95,
96,99.102,107-109.111, 114-116.
123-128,130.136,137,148-155,157.
161-164,166-170,175,177,179-184,
195.206,207.214-217,220

RNA-binding motifon the X chromosome
(RBMX) 127. 131

RNA-binding motifon the Y chromosome
(RBMY) 127, 131
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RNA-bindingprotein 1,9,15.17,56.73,95,
107-109,111,115,116.123,124,136.
137, 148, 149. 154, 155, 161, 166. 167.
184,207

RNAmap 151-153,155
RNA polymeraseII (RNAPII) 3. 6, 125.

137,163,168,169,175-186
RNA structure 20. 56. 57. 58.220
RODl 132
RS Domain 16,17,20,21.22,94.107-109,

111-116,164,180

S

Sam68 131.162,163,167,169,170.184.
185

Sequencing 36,59.68,76-80.89,150,152,
190

Signaltransduction 112.115,136.161,167,
169

SUenccr 18,78,85,88.93,94,99,101,102,
109,124,128,129.131,133,153,155,
162,168.170,175,213

SmallnuclearRNA (snRNA) 4,6-8.14,15.
17-25,27.28,85.86,98,99.184,220

Smallribonucleoprotein particle (snRNP) 4,
·6-9, 15-25, 55. 87, 97. 107, 108, 115.
123-125.128-132,134,151.153.176

Spermidine/spermineNl-aceryltransferase
(SSAT) 197.202.203

Spllceosome 1,2,4.5,7-9.14-20.22-28,55.
57.64,85.95,107-110,112.114-116,
124.125,128,130,131,134,151,153.
161.163.168.176.177,179.184.191.
199,200,202,214

Splicesite (SS) 14-28.37,42.44-46.55.57,
64,69,72.78,79.85-89,93,94,96-
102,107. 109-112, 114, 115, 123-125.
128-137,149,153.154,161,163,166,
168.170.175-179.182-185.192,195.
199-202.212-214,220

selection 14,20,27.28,64,72, 107.
109-112,115,123,125,128.
134-137.161.166,170,175,177,
178.185
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Splicing 1-6,8,9. 14-28,36-40.42-46,
50-61,64-66.68-75,77,78,80,81.
85-91.93-102, 107-116.123-137,
148-155,157.161-165.167,168-171.
175-187.190-207,212-220

3' untranslated region (3' UTR) 66.191 .
192.206,214.217

alternative seeAlternative splicing
CO« 163. 169.218
code 74.88.99
constitutive 8, 107. 109,112-114,116.

130.136.137.153,180,182
control 1.123.129,131,133
enhancer 19-21,26,43-45,78.85.

88-102,107,109-111,113.114.116.
129. 131. 134. 135. 153. 162. 163.
168. 169, 175. 177, 196.202.213.
218-220

eaor 190.199-201
factor 2-6,8.9. 15, 16, 19,24.28.46,

55.64,66,69-71. 73. 74.80,85,87,
88.94,95.98.99.101.107-109.
112-114, 116, 131, 133-136.154,
155.162-165.167-170,175-180,
183.184, 191. 198,202-207,212,
215.218

mechanism 1.56.61.116. 170
nrlcroaaay 36.68.71,149,152,155.193,

201
network 71
pre-mRNA 1-4,14.26.85,86,95.123.

131. 133, 137, 162, 168, 176, 179.
183

regulation 8.9.43.44.46,64.74.86.88.
97,107,115,148,149.151-154.162.
163.167.168.170,175.185.202.
206.212.220

silencer 45.85.88.91-95.97-102, 109.
116.129,131.133,153,155.163.
167-169,213.220

trans 59-61.214
unproductive 73.190,196.198,201-207

Stressresponse 166
Survivalmotor neuron (SMN) 6-8.75. 116,

134
Synapse 71.72.148.149.155,157
Systematic Evolutionof Ligands by

ExponentialEnrichment (SELEX) 70,
92,95-100. 109

Alternative Splicingin the Postgmomic Era

T

Tauopathy 213
Transcription 1-6,8,9. 19,21.38,52,59,70,

71,77,80,99,100,125.136,137.149,
161-163,167-169,175-183,185-187.
191.201-203,206,214,217

Translocatedin liposarcomas/fusion
(TLSIFUS) 127, 134

Transmembranedomain 53

u
3' untranslated region (3' UTR) splicing see

Splicing. 3' untranslated region .
U2 snRNPauxiliaryfiletor(U2AF) 8,15-17.

19-22.24-26.28.86.108. 109, 112, 123,
124.129,131,132,134,153.176,205

Upfl 73, 193. 198,203




