
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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