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Misregulation of pre-mRNA splicing that causes
human diseases. Concepts and therapeutic strategies
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Summary

About one third of all human genes are subject to alternative splicing. The molecular mechanisms that
regulate alternative splice site usage are beginning to emerge and show that transcription and pre-
MRNA processing are integrated processes that can be modified by cellular signals. Several diseases
are caused by mutations in sequences that regulate pre-mRNA processing. Their molecular
characterization indicates that contributions of pre-mRNA splicing defects to human diseases have
been underestimated and could account for pleiotropic phenotypes. The understanding of the molecular
mechanisms allows the development of therapeutic strategies.

Abbreviations: ACTH: adrenocorticotrophic hormon&FTR: cystic fibrosis transmembraneonductanceegulator; CK|I: casein
kinase I;Clk: Cdc2-like kinase; ConA: Concanavalin A[EGF: epidermal growth factorESE: exonic splicing enhancer;ESS:
exonic splicing silencerE-GF: fibroblast growth factorhnRNP: heterogeneous ribonucleoproteiiN: interferon;IL: interleukin;
I SE: intronic splicing enhancet;SS: intronic splicing silencerM KK: mitogen-activated protein kinase kina®GF: nerve growth
factor; PDGF: platelet-derived growth factorPl 3-K: Phosphatidylinositide-3-kinasePK C: protein kinase CPKG-l: protein
kinase G-I; polll: polymerasell; PTP-1B: protein tyrosine phosphataselB; SAM68: src associated inmitosis; SELEX:
systematic evolution ofigands byexponentialenrichment;snRNP: small nuclearriboprotein; SR: protein: proteinwith serine-
arginine-rich domain; SRPK: SR protein kinase;STAR: signal transductiorandactivation ofRNA; TCR: T cell receptor; TNF:
tumor necrosis factotJ2AF: U2 auxiliary factor;UTR: untranslated region.

| . Introduction are subject to alternative splicing (Brett et al.,, 2000;
. .. . Mironov etal., 1999).Alternative splicing is amechanism
A. Splicing and basal splicing machinery whereparts ofthe pre-mRNA are either excludedfrom, or

In eukaryotes, the primary transcrigenerated by included in the matureiRNA. This processcan beregulated
polymerase Il undergoes an extensive maturation process thiit a cell-type ordevelopmental-specifizvay (Stamm etal.,
involves cappingpolyadenylation,editing, and pre-mRNA 1994, 2000), that can hesed toregulate genexpression at
splicing. Pre-mRNA splicingemovesinterveningsequences the level of pre-mRNA processing. Furthermore, it allows
(introns)andjoins theremainingsequencegexons) toform different protein isoforms to be creatiedm a single gene. In
mature mRNA that is finallgxported into theytosol. With ~ many cases, stop codons are introduced byalternative
a few exceptions, all human polll transcripte spliced, and ~ splicing (Stamm et al.1994, 2000), which usuallghanges
it is estimatecthat about 30%f all pre-mRNA transcripts ~ the carboxy terminus of proteins. Thiscan affect the
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physiological function of a protein, as shown bgveral
examples{i) creation of soluble instead of mbrane-bound
receptors(Baumbach etal., 1989; Eipper etal., 1992;
Hughes and Crispe, 1995; Talgti al., 1996;Toksoz etal.,

1992; Zhang etal., 1994); (i) altered ligand affinity
(Sugimoto et al., 1993; Suzuki et al., 1995; Xingaét

1994); (ii) protein truncationgroducinginactive variants
(Duncan etal., 1995; Eissaet al., 1996;Sharma etal.,

1995; Swaroop eal., 1992;vanderLogt et al.,1992); and
(iv) changes of endocytotipathways (Veing and Ross,
1995). In addition, inclusionr skippingof alternativeexons
can {) add or delete protein moduldsat changethe affinity

towardsligands (Danoff etal., 1991; Giros etal.,, 1991;
Guiramand etal., 1995; Strohmaier etal., 1996); Vi)

modulate enzymatiactivity (O'Malley etal., 1995); yii)

create different hormones (Amaraadt, 1982; Courty eal.,

1995);and iii) changeproperties ofion channels(Kuhse
et al.,, 1991; Sommer et al., 1990; Xded McCobb, 1998).
Finally, (ix) numerous transcriptiofactors are subject to
alternativesplicing, which contributes to control ofene
expressionreviewed inLopez, 1995). Arecentcompilation
andstatistical analysis oélternativeexons(Stamm etal.,

2000) is available on the world wide web under
www.stamms-lab.net.

Proper splicing regulation is importantfor an
organism, since it habeen estimatedhat up to 15% of
genetic defects caused bypoint mutations in humans
manifest themselves as pre-mRNA splicing defeatssed by
changing splice site sequences (Krawczaklgt1992;Nakai

adherebetter to aconsensus than othe(Breitbart etal.,
1987; Stamm et al, 1994; Stamm et al, 2000).
Interestingly, anew class oexons ha$eendiscoveredthat
uses ATand ACinstead ofthe GT/AG flankingnucleotides
(Tarn and Steitz, 1997).Due to thedegeneratenature of
splice sites, it is difficult to predict exons in genomic
sequencesand currentcomputer programs cannatcurately
predict exons from genomidNA (Thanaraj, 2000). This
contrasts the highaccuracy andfidelity characteristic for
splice-site selectiom vivo.

One reason fothe specificity observedin vivo are
additionalregulatoryelements known as exonic or intronic
enhancers orsilencers Figure 1, Table 1). These
elements are again characterized byloose consensus
sequencesThe enhancers can t®ibdividedinto purine-rich
(GAR-type), pyrimidine-rich and AC-rich (ACE) enhancers
(Cooper and Mttox, 1997).Enhancers bind tproteins that
are able to recruitcomponents ofthe basal splicing
machinery, which resultsin recognition of splice-sites
located near an enhancer (Hertel et¥97). Thedegeneracy
of splicing enhancers isnost likely necessary tallow for
the aminoacid usageneeded.The importance of splice-site
enhancersbhecomes apparenwvhen they are changed by
mutation, which can altertheir interactiorwith trans-acting
factors.

Interestingly, some othesemutationsare silent, e.g.
they do notchangethe aminoacid usage, butgenerate an
aberrantgene product bycausing anabnormal splicing
product. It remains to bedeterminedwhetherall missense

and Sakamoto, 1994). These mutations can be viewed as NeW(tations cause apathological state by an aminacid

sources ofvariation in humarevolution that wasprobably

exchange omre actually unrecognizedsplicing mutations.

accelerated bglternativesplicing mechanisms, allowing the gych an analysis could beade by analyzing thpre-mRNA

combination ofdifferent RNA processingevents togenerate
appropriatemRNAs as aresult of changingellular needs
(Herbert and Rich, 1999).

Significant progress has been made in understanding the

mechanism of constitutive splicing. Three major cis-

elements on the RNAlefine anexon, the 5'and 3'splice

sites and the branch poifgerget, 1995)Theseelements are
recognized bythe spliceosome, 80S complexcontaining
small nuclearRNAs (U1, U2,U4, U5, U6) and over 50
different proteins (Neubauer et al.,, 1998). In the
spliceosome, UBnRNP, U2AF,SF1, U6 snRNPand U2
snRNP arethe trans-actingfactorsthat ultimately recognize
the 5', 3'splice sitesand the branch point (reviewed in
Elliot, 2000; Green,1991; Kramer, 1996; Moore, 2000).
Sequencecompilations of the5', 3' splice sitesand the
branch point revealed that they follow only a loose
consensus sequence (Breitbart etl®87). Onlythe GT and
AG nuclectideglirectly flanking the exon,togetherwith the

branch point adenosiné€igure 1A), arealwaysconserved,
whereas inall other positions nucleotides cardeviate from
the consensusHowever, some positions insplice sites

10

processing of themutation by RT-PCR or RNAse
protection. An overview of diseasescaused bysplicing
enhancers/silencers is shownTiable 2.

Proteinsbinding to enhancer osilencersequences can
be subdividedinto two major groups: mebers of the SR
family of proteins(Manley and Tacke, 1996) and hnRNPs
(Weighardt etal., 1996).Binding of individual proteins to
enhancer sequences iatrinsically weak and not highly
specific. However, multiple proteins bind to all knoexon
enhancersforming a corplicated RNA:protein complex.
This binding involves protein:protein as well as
protein:RNA interactions,and results in the specific
recognition of an exon (Figu®. As a resultproper splice-
site recognitioris governed bythe ratio ofvarious proteins
involved, as well as the enhancer and silencer sequences.
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Figure 1: cis and trans factors involved in pre-mRNA splicing.

A) Elements involved in alternative splicing of pre-mRNA. Exonsareindicated ashoxes, introns as thidines.
Splicing regulator elements (enhancers or silencers) are shown aboyey in exons or as thin boxes inroms. The 5'splice-site
(CAGguaagu) and 3' splice-site {yncagG, as well as the branch pofghyyray), areindicated (y=c or u, n=ag, c or u). Upper-case

letters refer to nucleotides that remain in thmaturemRNA. Two major groups ofproteins, hnRNPs (yellow)and SR or SRelated
proteins (orange), bind to splicing regulator elements; theprotein:RNA interaction isshown in green.This protein complex
assembling around an exon enhancer stabilizes binding of the U1 snRNP close tephee&ite, due toprotein:proteininteraction
between an SR protein and the RS donehiv170K (shown inred). Thisallows hybridization (thick redline with stripes) ofthe Ul
snRNA (red) with the 5' splice-site. The formatioihthe multi-protein:RNA complexrllows discrimination between propsplice-site
(bold letters) and cryptic splice-sites (sn@llag) that are frequent ipre-mRNAsequences. Factors at thesplice-site include U2AF
which recognizes pyrimidinegich regions ofthe 3'splice-sites,and isantagonized by binding afeveral hnRNPs (e.gnRNP 1) to
elements of the 35plice-site. orange: SRand SR related proteins; yellow: hnRNPs; green: protein:RNAnteraction; red:
protein:protein interaction; thick red line with stripes: RNA:RNA interaction

B) The RNA factory. RNA is generated after genes are recognized by transcription factors (TR)&yolymerase li(polll)
(dark blue). Exons presertin the RNA arerecognized bySR proteins and hnRNPs thatinteract with exonic orintronic sequence
elements. SR proteins interact with factors assematedndthe promoterandcan formprotein networksacrossexons. SRoroteins
directly interactwith the carboxy terminaldomain of RNA polll (polll-CTD), which assemblesproteins near activesites of
transcription. Among polll interacting proteins is scaffold attachrfeetor B (SAF-B) thatcan couple SRroteins and RNA polll to
chromatin organizing elements(S/MAR, thick greenline). The processedRNA is coated with hnRNPsnd transported into the
cytoplasm, where it is translated intoprotein. SR proteinsand hnRNPs are recruitedfrom storage sites (speckles)through
phosphorylation. Some SRproteins and hnRNPs shuttle between nucleusind cytoplasm. Protein shuttling can be regulated by
phosphorylation or arginine methylation.

11



Soss et al.: RNA splicing and disease

Gene/Exon Element Reference
Type Sequences
Human CFTR Exon 9 |ESE | GAUGAC {Pagani et al.,
20000
Human CFTR Exon @ |ESS | UUAUUUCAAGA (Pagani et al.,
SFL/ASF, 5Rp&s, 5Rp7s 20NN
Human Fibronectin EDA |ESS | CAAGG (Staffa et al.,
sk ve] 19497
Human fibronectin EDA  |ESE | GAAGAAGA (Caputi et al.,
EX0n 1994}
Human fibronectin EDA  |ESE | AGGGUGACT (Staffa et al.,
BRI 1997
rat fibeonectin intron [SE | UGCALG repeat (Huh and Hynes,

dowmstream of exon

ElIB

1904)

mouse [gM exon M2 ESE | GGAAGOACAGCAGAGACCAATAG {Tanaka et al.,
in 1994

cardiac I:I'I:It:l'l:lnil'l Texon |(IS5E GUAAGUCAGGCUGCAUGCCUCCCACCACA {{_'a_['l_u et al.,

17 CCUGUGCUGCAUGACACCUGGGGCUGACT 1996}
UGCAACAGAAGUGGGEGCUGAGGGAAGHA
CUGUCCUGSGOACUGGUGUCAGAGEGGG
GUUGGUGACUCUCAGGAUGCCCAAAAUGE
CCA

Chicken ¢ TNT IESE | AAGAGGAAGAAUGGCUIUGAGGAAGACGA | 2, -[N;j_gc[ et al.,
Ca 4, 1998}

SRp33

Chicken ¢cTNT Intron 4 |ISE | GCGCUUCUUCCCUUCCCUCCUCCCUGGCUC | 5, 2 | (Cooper, 1998)
Al

Chicken ¢TNT Intron5  JISE | CUCCACCULUCUL 5. 2 | {Cooper, 1998)

Chicken cTHNT Intrans I1SE LG OCUG DGOCU L L CC GO 5 2 {Cmper, 1948

Chicken ¢ TNT Iniron3  NISE | AUUCUUUCACUUCUCUGCU 5, 2 | {Cooper, 1998)

Human GH=1 Introm 3 ISE | GOXXNRGOG 5 (McCarthy and

Phillips, 1998).

Human Dystrophin UAAAGAAGAGOeccancaaAAATAAGOGAAA {Shiga et al.,

Exon2? i 1997}

Human Calcitonin (CT) |ESE | GOAAAGAAAAGGGA [Zandberg et al.,

Exon 4 1905}

Human Calcitonin (CT) |ESE | ACUUCAACAAGLIL F. {Zandberg et al.,

Exon 4 1995}

Drosophila dsx exon 4 |ESI.-2 CUUCAAUCAACALU or CAACAAUCAACAL {Tian and
Eﬂﬂntcins. Tra, Tral Manialis, 1993)

Drosophiln dsx exon 4 |ESE UCWWCRALICAACA 3 {Bruzik and

N TrafTral Maniatis, 1995).

Drosophila dsx exon 4 [ESE | AAAGGACAAAGGACAAAA {Lynch and
traffral Maniatis, 1995)

MOUSE c-5F¢ iniron B ISE | AGGCUGGOOGCUGCUCUCUGCAUGUGCUL [ 4, 6, | (Min et al.,

downstream of exon N1 cCL 7.3 1997);

KSHF, pS3hnRNP F

moRise c-5r¢ iron B ESE | TGCATG 2, (Modafferi and

dowisiream of exon M1 I Black, 1997,

human a-tropomyosin ESS | UAAGUGUUCUGAGCUGGAGGAGGAGCUG | 2, 12 | (Graham et al.,

gene exon 55K AAGAAUGUCACCAACAACCUCAAGUCUCU 1992)
UGAGGCUCAGGCGGAGAAG
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HIW' -1 imi-rev exon 3

58 [ AGAUCCALDUCGAULTAGUGRAN 5, 01 | tAmendt et al,
19455,
HI-1 exon &1 ESE | GAGAAAGOAGATA £ 1 {Wenkx ot al.,
1457
HI%-1 el e 3 [I'Zﬁ!'i AGANCC and LILIAG 38 | iS5t al, 199E)
HIY-1 mi-rey &%nn 1 |I.=!-i!-i OAAGAAGAAGOUGRAGAUTAIAGAUACAG [ 311 | (Amendt et al.,
Al 1545,
maise CORP (s 3 [ISE | CALGUAALIAL E,7 | (Lousdal, 1996 |
FTR, Ul snHNA
mGABATA ) mepior  (ISE | DUCUCL Ewithin pyrimiding consext) 7.8 | (Ashiys and
gammal iniros FTH araboriy ekl 1957
(i bet-TM €400 5, 6 |ESE | LARGARLAR 3 TTSGKARATA #
al, 1904}
siimins caldesmon =enn |JESE | AGAGGAAOAGAARATGGAGC AGAGGAT r ] {Elrsck &t al.,
k. AGGCA T 19408; Humgphirey
et al. 1995
chickes pf popomyosin (155 | CLCUCUCUCUANCGEUGUCUCUGGAGLCA | 5,2 | (Liba et al,
imtrun 1VS AR LAl 1990; Libri et al.,
- _ 1941
Chicken [ Tropomosis (ISE | (AANGGO repeal L7 | (Slrand=Tugres
irdron 6 et ak, 194985
B}, anificial ESE | UCOACa UG GAGCAN UCOGERCEELNGC ] (Tacke et al.,
SHpd0 1987
Wisitian FLFR-2 K- EsS [ UACksIC AR 2 (Dl Ciaklo and
SAMIIE Breathnach,
|55}
Rat Clathrin Light ESE | ACAAAGLGUDCUACCAGLAGCCAGALGEL | 4 [Stamm et al.,
Chain B exon EN LT 1 GHny
" WAFIC-B exon N30 TGL AL AU A I L3 [Eawamoio,
upstream momn 1996)
hummn msulin recvpior GUAGUGLGATLCAGAGATGLUAGAAGGS [ 1,2 [ (Keasaki et al.,
exom B upsieam imron UL G AT LU A A LI GAG 1998}
humm msulin recopier |155 | DOACUCGEALALADGUGULCULUARGUGL | 1, 2 | (Rasaki #t k.,
exom B ppatream iniron AT A CILRGLE |'J|JH"!
humms CD44 cxon & EES | AGATACGAAUCAGCALTAGUGULIC AU AL | 1,2 {Mleijer ot al,
AAAAUUGEACCOCHGAACCACAGODUO {00
LI AT A AT AL
Buman CD9A exon v |ESE | GAGUALCAGGALGAADAGGAGACCCCAL | 1,2 | (Ronig et al,,
ALGCUACAALGE A [55H)
(CT/CGRD mb 15E | CLLCGLOCOUCUUT % 1. | (Lou et al, 1999) |
dowrasream from exon 4 FTH 4, T
10,13
CT/CGRP meron [E5E | DUAUDULTCLT 5, T, | (Lana et al, 159
dowressream from emon 4 FTH i 1
BFv-1 £S5 | COGUCUCOUCUONGCUCOOCUCCCCCnrC | 3, 10, | 12heng et al.,
GUOGUCCT AT AGAGTAD 7,00 | mes
UZAF{6S asd SR Proteins t
LGAAUUACCUGAAGGALLCUGUAGGARRA | 1,0 | {Zheng e al.,
CCCOAAOCCAH O AGCE 15
:i.;.ﬂ.I.'L'I.i."u'.'.-'l.-'i..‘.l:i'i.ﬁljl:i.-'re.il.iﬁ.‘diLIl:i-!.il.i.'-':: 7,00, | Fogel and
o 4,46 | McMally, J000)
Kous Sercoma ¥ins AR ESS | ACGAGAAADCAGCAACOOACCOOCOAAL | 3 2, |_'|,-||:J:~.|.||_!.l ard
pere ChAC 5, blcHally, 19596
SF2/ASF i

Mlchally amd
Mchally, 1995

Table 1. Compilation of RNA elements that
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influence splice-site selection (previous two pages)

The first column shows the gene and exon that containRe element, which isharacterized in theext columns according tis
type (ESE: exonic sequence element; ISE: intreeiuence element) and geqce.Trans-acting factorsreindicated in boldunder the
sequence ifthey were identified experimentally. Most RNA elements willwork in combination with additional RNA regulatory
sequences that are not shown. Meth. indicates the experimental method used: 1: deletion analysi®; shlicing assay; 3in vitro
splicing assay; 4: gel mobilitghifts; 5: mutagenisis; @n vitro binding; 7: UV-crosslink; 8:competition experiments; 9SELEX;
10: immunoprecipitation; 11: spliceosomal complex formation; 12: nuclease protection. R= G or A; W=A or U.
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B. Splice-site recognition is influenced by
therelative concentration of proteins that form
a complex to recognize exon-intron borders

In contrast toconstitutive splicing,the mechanisms
regulating alternative exon usageeless wellunderstood. It
is clearthat therelative concentration ofsplicing-associated
proteins is responsible faalternative splice-site selection

C. Coupling of splicing and transcription

Transcription and splicing can be separated by
biochemical means. Especiallywhen RNA splicing is
studied n vitro, the twoprocessesire uncoupled,since the

RNA is made synthetically. However, when transcription and

splicing factors were analyzed bymicroscopy methods
(Misteli, 2000) and in yeasttwo-hybrid screens, ammtimate

(Black, 1995; Grabowski, 1998; Varani and Nagai, 1998) . Itassociatiorbecameapparent. Anumber of studiesised the

has been shown experimentally, that the relative
concentration of SR proteirmdhnRNPscan dictatesplice-
site selection, botm vivo andin vitro (Caceres et al., 1994,
Mayeda andcKrainer, 1992; Screaton eal., 1995; Wang and
Manley, 1995). The expressitevels of variousSR proteins
(Ayane etal., 1991; Mwyeda andrainer, 1992; Screaton et
al., 1995;Zahler etal., 1993) andhnRNPs(Kamma etal.,
1995) vary amongst tissueand could thereforeaccount for
differences in splice-site selection.Several examples of
antagonisticsplicing factors have beedescribedCéceres et
al., 1994;Gallego etal., 1997;Jumaaand Nielsen, 1997,
Mayeda efal., 1993;Polydorides etal., 2000). Here, one
factor promotes inclusion ofin exonand the otherfactor

promotes its skipping. In most dtfiese cases, it remains to

be determined whethéhis antagonisticeffect is achieved by
(i) an actualcompetition of thefactors for anRNA binding
site, (i) through sequestration ofthe factors by
protein:protein interactiorand, (ii) by changes in the
composition ofprotein complexesecognizingthe splicing
enhancer. In addition, cell-type specifiplicing factorshave
been detected. IBrosophila, for examplethe expression of
the SR proteirtransformer isfemale-specifiqBoggs etal.,
1987) and determines the sex by directing alternaplieing
decisions. Othertissue-specificfactors include the male
germline specific transformer-2variant in D. melanogaster
(Mattox etal., 1990)andD. virilis (Chandler etl., 1997),
an isoform ofits mammalian homologubtra2-beta3hat is
expresseanly in some tissuegNayler etal., 1998a), the
muscle specific protein Nop30(Stoss et al.1999a) , the
neuron-specific factor NOVA-{Jensen eal., 2000) aswell
as testisand brain enrichedfactor rSLM-2 (Stoss etal.,
2001) and NSSR (Komatsu &k, 1999). For most ahese

carboxyl terminal domain of the RNA polll and fouseveral
interactingproteins, some of which, e.gnRNPsand SR
like proteins, were most likely involved in pre-mRNA
processing(Bourquin etal., 1997; Corden and Patturajan,
1997; Du and Warren, 1996; Kim et al., 1996; Yuryeualet
1996). Furthermorethese complexesare most likely
associatedvith S/IMAR elements(Bode etal., 2000) via
SAF-B, an hnRNP-like protein that can liféctors involved
in pre-mRNA processing,and the CTD to chromatin-
organizing element@Nayler etal., 1998c). Finally, it was
shown directly that RNA polymerase lican stimulate the
splicing reactionin vivo (Hirose etal., 1999) and targets
splicing factors tosites of active transcription (Msteli and
Spector, 1999). These close interactionsmost likely
influence splice-siteusageand it has beenshown that the
particular promoter usagenfluences splice-site selection
(Cramer efal., 1999).Together, thesdataindicatethat pre-
MRNA is generated angrocessed by #arge conplex that
was termed'RNA factory' (McCracken etal., 1997). It is
most likely that 5' capping (Cho et al.,, 1997),
polyadenylation (MCracken etal., 1997), and editing
(Higuchi et al., 2000) activitiesare also part of this
complex.

When cellsare stainedwith antibodiesagainstsplicing
factors, theproteinsare concentrated i20-40 large nuclear
structures that are callsgeckles. Usingmaging techniques,
it hasbeenshown that splicingandtranscription takeplace
concomitantly in thevicinity of speckles (Huang and
Spector, 1996Jiménez-Garciand Spector, 1993). Within
speckles, no transcriptional activity could detectedFay et
al., 1997),indicating that thesestructuresserve as storage
particles. Specklesare dynamic (Msteli et al., 1997)

factors, the tissue-specific target genes remain to bestructureghatcan releasesplicing componentsvhen these

determined. However, a combination of knockout
experiments and biochemical analysis allowed the
identification ofdoublesexfruitless, and transformer-2 as a
target of the transformer-2/transformercomplex in
Drosophila (Heinrichs etal., 1998; Hoshijima et al., 1991;
Mattox and Baker, 1991) and glycine receptoralpha2 and
GABA(A) pre-mRNA as a targéor NOVA-1 (Jensen edl.,
2000). Although thisanalysis iscurrently limited, it is
likely that a given splicindactor will influence severgbre-
MRNAs.
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are phosphorylated (Nayler at., 1998b). Anew subnuclear
structure, the YT bodies, waliscoveredthat formsaround
specklesand often partially overlapswith them (MNayler et
al., 2000). YT bodies contaiiT521-B, aprotein thatbinds
to factors implicateéh pre-mRNAprocessingand is subject
to tyrosine phosphorylation througérc kinasegHartmann
et al.,, 1999). YTbodies change imesponse tdhe tyrosine
phosphorylation status of the céNayler etal., 2000 and
our unpublishedresults) and harbor sites of transcription

(Nayler et al., 2000), suggesting that the RNA factory can be

modulated by tyrosine phosphorylation in YT bodies.
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hamoEvgsus posslios T ol he A 4
CO4E alernaive exon 4
I-thaasama T-=G lansversion in | aotfvries orypio 3 apllicn |  Dioisdn of al, 19834
B-giclin s oS ol e T nbon 2

imiron 2 .
Myclenis dyainephy Expandag wiFEr sRquasirshion or {Priipe | 8., 1938 Tiscomis
DEPE SCLKE b O i fem 37 cfanga in akamatie ard Mahadeunn, 20004

Table 2: Mutation in RNA regulatory elements that cause disease

Mutations thatdisrupt RNA regulatory elements@and cause aiseaseare listed. The name of the gene isnderthe diseaseand is
underlined. Point mutations that chargpice-sites (Krawczak etl., 1992; Nakai and Sakamoto, 1994parenot added to theable, if
they are not part of exonic elements. ESE: exonic sequenceelement; ISE: intronic sequence element, IVS: intron.
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Finally, proteinsimplicated insplicing shuttlebetween the
nucleus and theytosol. After a stress-inducedhange of the
cellular phosphorylation status they accumulate in the
cytosol (van Oordt etal., 2000),which affects pre-mRNA
processing patterns ithe nucleus,becausethe nuclear
concentration of the splicing factors is changed.

Together, thesdata suggest that theoncentration of
factors involved insplice-site selection, whictictates exon
usage,can be controlled by severatays: (i) a specific
amount of thefactor expressed in #issue, (ii) release from
storage sites by phosphorylation, (iiijexport from the
nucleus, (iv)sequestration byrotein-bindingpartnersthat,
e.g., assemble at anactive promoter, and (v) local
concentration at different sites of the nucleus. Togethese
mechanisms allow the celb process agiven pre-mRNA
with a specificset of splicingregulatoryproteins, such as
SR proteins and hnRNPs

II. Change of splice-site selection in
response to an external stimulus

A. Overview
Alternative splicing pathwaysarenot static, since the

transducesthe signal to thespliceosome remaingargely
obscure.

For severalsystems, itwas demonstratedhat changes
in alternative splicing do not require de novo protein
biosynthesis Examplesincludethe splicing of exon v5 of
the CD44gene in response toPA (Konig etal., 1998) or
the differential splicing of theCa-ATPasdranscriptupon a
rise in intracellular calciuniZachariasand Strehler,1996). It
is likely that thesehanges irsplicing patternsarethe result
of posttranscriptionamodifications of regulatory proteins,
e.g. phosphorylation, methylation, and glycosylation.
However, it is largely unknown which factoase affected. In
the following,we summarizeseveralprotein groups that are
likely endpoints ofsignal transduction pathways in the
spliceosome.

B. SF1

Some signaltransductionpathways to spliceosomal
componentdave been investigated detail. Oneparadigm
is SF1 (Berglund etal., 1998; Rain et al., 1998), factor
that recognizeghe branchpoint and is therefore inportant
for the formationof the spliceosomal A compleXSF1 has
recently beendentified as atarget of PKG-I (Véng etal.,

use of alternative exons can change during development (for ¥999). Thiskinase isactivated by cGMPThe cGMPlevel

summary see: Stamm at, 1994, 2000), or imesponse to
outside stimuli. For example, insulin adninistration

itself can be regulated by a mbrane boundguanylyl
cyclase receptor that is activatey natriureticpeptides or by

influences the incorporation of the alternative exon 11 of thét cytoplasmic guanylytyclasewhich is activated bynitric

insulin receptor(Sell etal., 1994) and activates exon Bll
inclusion in the PKCgene(Chalfant etal., 1998);serum
deprivation alters usag# the serine/arginine-rictprotein 20
(SRp20) exo (Jumaaand Nielsen, 1997);and neuronal
activity changesthe alternativesplicing pattern ofclathrin
light chain B, theNMDARZ1 receptor,and c-fos (Daoud et
al., 1999). Inthe brain, stresghangessplicing patterns of
potassium channels (Xieand McCobb, 1998) and of
acetylcholinesterasg¢Kaufer etal., 1998). ConA hasbeen
shown tochangesplicing patterns of theclass 1bmajor
histocompatibilitycomplex moleculeQa-2 (Tabaczewski et

al., 1994) and the splicing patterns of tumor necrosis factor R .
) picing p N ! transcript (Blanchette and Chabot, 1999) and of exon 2 of the

are regulated by src kinases (Gondran Radtry, 1999;Neel
et al., 1995). Finallyprogrammectell death isconcomitant
with a change inthe alternativesplicing patterns ofseveral
cell deathregulatoryproteins (reviewed in Jiang and Wu,
1999).

As can be seen imable 3, numerousextracellular
stimuli, such as growth factors, cytokines, calcium
concentration,and extracellular pH can change alternative
exon usage. Sincimesealternativeexonsare in mRNAs of
diversebiological functions, it is likely that thehange of
alternative splicing in response to extracellularsignal is a
general regulatory mechanism in higher eukaryotes.
Although for somecasesthe signaltransduction pathways
have been established, the nolecular mechanism that
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oxide (NO). Phosphorylation o65F1 on Ser20inhibits the
SF1-U2AF65 interaction, leading to a block of pre-
spliceosome assembly.

C. hnRNPA1

hnRNP Al has alsbeen implicated as mediator of
signal transduction.This proteinantagonizeghe action of
SR proteins that promotdistal 5' splice-siteisage in E1A
and 3-globin pre-mRNAs bearing thalassemiamutations
(Céceres etal., 1994; Myeda andKrainer, 1992). In
ddition, hnRNPA1 controls inclusion ekon 7b of its own

HIV Tat-pre-mRNA (Caputi etal., 1999). Two signal
transductionpathways havebeen described tochange the
RNA binding propertiesandthe intracellular localization of
hnRNPAL1. Stimulation of the PDGFeceptor causes
phosphorylation of hnRNP Al by PKCzeta (Municioadt,

1995). This phosphorylation impaitse RNA binding and
strand annealing activity of hnRNPAL.

Furthermore,hnRNP Al is phosphorylated by the
MKK3/6-p38 signaling cascadeafter cellular stressinduced
by osmotic stress or UVradiation, but the direct kinase
remains to bedetermined(van Oordt etal., 2000). Stress
induced phosphorylation leads to the cytoplasmic
accumulation of hnRNP Al and results in a change of the
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Stimulns ﬁgm.! Alternatively il mova Referenoe
o transduction | spliced franseript | protein
Pharbnlester PEC CD34 exon v3 ] Kobnig et al., 19948
Concanavalin A | Ras
| Concanavalin A | 7 (ra-2 ¢xom 5 7 Tubaczewski ot al., 1994
Pharbolester PEC Cd5 exmon 4 ves: 8F2, | Lynch et al,, 2000
I__F.:u-: SRp5S Lemaire et al., 1999
Phorbolester T PTE-1H VES Shafrin and Meed, 19893
PIDMGE, EGF
Pharbolester, d FECH T Chalfunt et al., 1985,
Insulin exan il 1548
Iahimakn et al, 1996
Insulin 7 [nsulin receplor T Sell et al, 1994
exon Bl
FGF-1, FGF-2 | 0 FOF-recepor-2 and | 7 Scoter and Houssain,
-3, ewon 111 15494
THFa, [FHT 7 Ca4, exons ;g_@h‘r iﬁ:kzy et al., 155
]I_'-'I:'-il--llI ]'L-]ﬁ T Mrinc-oxide 7 Eissa et al_, 1904
THF-ix, LPS symthase (INOS)
IL-1[3, PD}GF T Fibromectin, exon T blckay ot al, 1994
TCF-b Mmcs
TGF B T Fibranechn EIA | 7 Wang et al,, 1991
Balza et al., 1788
Dexumetasone s Insulm recepior ? koosaky and Websier,
15493
Hypophysectiom | ¢ Shy 7 Kie and McCobb, 1993
¥. ACTH |
NGF, 7 MFI ? Metheny and Skuse,
Dhexanselason: Rl
HLE Hax .*;En T Smafth, 197
pH 1 ATP symihase T Haynkawa =t al., 199K
garmmia-subunit,
exon 9
pH T Tenascin-C T Baorsi ef al,, 1995
Osmobc shock | MEK36 Audenovines E1A THY Yin der Houven van
LIV irradintson | pa8 Clordt et al., 20000
Change im ¥ Hirn2-beta, exaon 3; | 7 Dnoud et nl., 1999
neuranal Clathrin light chain
ACHviLy H, exon EN
Inluction of T Syniaxin |, 3 ) Helme- Gisizom et al,,
Long-Term 1998
pentiztion Rixdger et al., 1998
Hippocampal T Glutamase 7 Ramphuis et ol,, 1592
kindling meseptor-A and -B
exon FLIF, FLOP
s m 7 Ca - ATPase i Lacharas et al., 19965
mitrncelhular Ca

Table 3: Stimuli that change alternative splicing patterns

Signals knownto influencealternative splicing patternsareshown in thefirst column. Known proteins involved insignal
propagation to the splicing machinery are indicated in the second c@undthe gene whictthanges itsalternative splicing pattern
is shown in the thirccolumn. In some cases, litas also beedetermined whethetde novo protein biosynthesis imecessaryfor the
observed change of a given splicing pattern, which is shown in the fourth column.
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alternative splicing pattern of the adenovirus Eir&-mRNA
splicing reporter.

D. STAR proteins

Other likely candidatesfor proteinsthat can transduce a
signal tothe spliceosomare STAR proteins. STAR is an
abbreviation forsignal transductionand activation of RNA
(Jonesand Schedl, 1995; Vernet and Artzt, 1997). This
protein family is also called GSG for GRP33, SamG8PD-

1 (Jonesand Schedl, 1995). Its members belong to an
expandinggroup of proteins thashare anamino-terminal
maxi-KH-RNA binding domain aswell as proline and
tyrosine-rich regions present in many adapter proteins
involved in signal transduction(Richard etal., 1995). The
binding properties of STAR proteins suggesttheir
involvement insplice-site selection. Foexample, Sam68
hasbeen found tacrosslink to a splicingegulatory region
on the rat tropomyosipre-mRNA (Grossman etl., 1998),
andalso binds toFBP21, aproteinimplicated in splicing
(Bredford et al., 2000). A protein related to SAM68 is SLM-
2, for Sam68 likemolecule (DiFruscio etal., 1999). In
humans, the protein isalled T-STAR and was shown to
interactwith RBM, an hnRNPG like protein previously
implicated in splice-site regulatiorfVenables etal., 1999,

cing and disease

E. SR proteins and their kinases

Finally, in humans, SR proteiree phosphorylated by
four different Cdc2-like kinases of the LAMMER family
(Clks) and twastructurally relatedkinasescalled SRPK1 and
SRPK2 (Gui etal., 1993; Koizumi et al., 1999ayler et
al., 1997;Prasad etl., 1999; StojdlandBell, 1999; Wang
et al., 1998).Thesekinasesall contain anRS domain;they
interactwith SR proteinsand their overexpressioreads to
the disassembly of specklesafler etal., 1998b). Adirect
involvement of Cdc2-like kinases in the regulation of
alternativesplicing hasrecently beershown forthe Clk1-,
E1A- and SRp20-, and tau pre-mRNAs (Duncaalet 1997;
Hartmann et al., 20008toss et al., 1999bHowever,there
are important differencesamong these kinasegs:irst, the
Cdc2-like kinasesare ubiquitously expressed, whereas the
SRPKsshow amore differentiatedexpression pattern with
SRPK1 predominantlyexpressed intestis and SRPK2 in
brain (Papoutsopoulou at., 1999a; Wang etal., 1998). In
addition, SRPK1 showsigher specificitytowardsASF/SF2
in  comparison with  CIk/STY, since CIk/STY
phosphorylates Ser-Argser-Lys, or Ser-Praites, wheras
SRPK1 shows a strorgeference foiSer-Argsites (Colwill
et al., 1996a). There is also evidencethat thesekinases
phosphorylate SR proteins different sites. Finally, there
are differences in thatracellular localizationsince theClks

2000). We identified the rat homolog and demonstrated that ifre predominantly nuclear and colocalize with speckles,

regulates alternativeplicing of CD44,htra2-beta,and tau
pre-mRNAs by bindingto purine-rich enhancersequences
(Stoss et al., 2001Yhe physiologicaimportance ofSTAR
proteins becomesapparent in mutations of thequaking
locus. Themolecular defect is amutation in theSTAR
family member QKI, which results in severe defects in
myelination in the nervous system (Ebersole et al., 1996).

SAMG68 is phosphorylated byhe tyrosine kinases Src
or Fyn during nmitosis (Funagalli et al., 1994). SAM68
tyrosine phosphorylation isinducible by insulin in
fibroblasts, orafter TCR stimulation (Fusaki etal., 1997;
Lang etal., 1997;Sanchez-MargaleandNajib, 1999). The
tyrosine phosphorylation results indecrease othe RNA
binding affinity and leads to the dissociationof Sam68
multimers which could have adirect influence on the
regulation of alternative splicing (Chen et al., 1997; Wang e
al., 1995). We were able to show that rSam68, rSLM-1, an
rSLM-2 bind to thescaffold attachmenfactor B (SAF-B), a
component thatbinds to DNA-nuclear matrix attachment
regions as well ato RNA polymerase lland various SR
proteins (Stosset al.,, 2001). This associationagain
emphasizesthe intimate connection between pre-mRNA
processing, transcriptiomndchromatin structure. Thexact
change of protein:protein interactioncaused by tyrosine

phosphorylation of complex components and its influence o

alternativesplicing remain to bedetermined,but will most
likely influence splice-site selection.
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whereas SRPK1 was primarily found in the cytoplasm is
believed to phosphorylate the cytosolic SR protein fraction.

In addition, there arthree othekinasesthat areable to
phosphorylate SR proteins: CKla, the LamirrdBeptor and
topoisomerase | (Gross et dl999; Nikolakaki etal., 1996;
Rossi et al., 1996)n contrastto the Cdc2-likekinases, the
substrates of CKla ost already be phosphorylated,
suggesting a phosphorylatidmerarchy inthe regulation of
SR proteins. The lamin Breceptor ispart of a nuclear
envelopecomplexthat also phosphorylatéamin A and B.
This kinasephosphorylates R8omainsandseems tohave
substrate specificitieglentical to SRPK1 (Papoutsopoulou
et al., 1999b).

Phosphorylation of SRproteins has numerousffects
on protein:RNA and protein:protein interactions. For
xample, phosphorylatiorof SRp40 enhancesits RNA
inding affinity (Tacke etal., 1997) and phosphorylation of
ASF/SF2 stimulates itbinding to U170K, a component of
the UlsnRNP(Xiao and Manley, 1998). This type of
covalent modification of SRroteins has alirect effect on
their activity in the splicingreaction(Prasad etl., 1999;

Tazi et al., 1993).

An important consequence of SR protein
hosphorylation is theelease ofthese proteingrom their
storage comartments, thepeckles(Colwill et al., 1996b;
Gui et al., 1993; Koizumi et al., 1999), and thcruitment
to sites of transcription (Mistel2000; Misteliet al., 1998).
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In addition, phosphorylatiorinfluencesthe ability of some
SR proteins to shuttlebetween the nucleusand the
cytoplasm (Caceres @l., 1998;Yeakley etal., 1999). In a
mannerthat is similar to hnRNP Al(van Oordt et al.,
2000), thiscould result in arapid change ofthe nuclear
concentration of SRproteins, whichchanges alternative
splice-site selection.

Together, thesdatashow that pre-mRNA splicing can
be regulated by external stimuli. Some of the signal
transductiorpathways tothe spliceosomere beginning to
emerge and result in regulated serine and tyrosine
phosphorylation of splicing proteins.

[11. Diseases caused by splicing defects
A. Overview

Most of the diseases associatetith defects in pre-
MRNA processing resulfrom a lossof function due to
mutations inregulatoryelements of a single gendhese
mutationshave previouslybeen compiledKrawczak etal.,
1992; Nakai and Sakamoto, 1994and areavailable on the
web (cookie.imcb.osaka-u.ac.jp/nakai/asdb.html).
diseaseshave been attributed ta change in trans-acting
factors. Knockout experiemts of essentialsplicing factors
have proven lethgHirsch etal., 2000; Wng etal., 1996).
However, the knockout of an enzyme involvedpie-mRNA
editing (Higuchi etal., 2000) and overexpression ofnutated
SR proteins in Drosophila (Kraus and Lis, 1994) causes
phenotypes that cannot bieked to asingle mRNA,which
shows that defects in pre-mRNA processing factors can res
in a complex pathological statéhe combinatoriahature of
trans-actingfactors raises the interestingpossibility that
pleiotropic diseaseswith a variable phenotype might be
caused by alterations of trans-acting factors. Using minigen
of CFTR mutations,it has beenshown that the splicing
patterns ofmutatedalleles stronglydepend onthe cell type
(Nissim-Rafinia etal., 2000),indicating that variations in
trans-acting factors could bethe reason for avariable
penetrance ofmutations amongndividuals with different
ethnic backgrounds (Mclnnes &t, 1992;Rave-Harel etal.,
1997). Similarly, a contribution of pre-mRNA processing
could explain why natural mutations in humangenes
frequentlyhavetissue- orcell-type specificeffects. In these
cases, thenutated gene isimilarly expressed inall cells,
but is processed in a tissue specific manner, sinceethive
concentrations ofsplicing factors vary among tissues
(Hanamura et al., 1998).

Since diseasescaused bysplicing defectshave been
recently reviewed (Philips and Cooper, 2000), wewill
concentrate orthree diseased; TDP-17, spinalmuscular
atrophy, and R-thalassemia toillustrate the complex
relationships between trans-acting factors and their
corresponding cis-elements, and to outline possible
therapeutic approaches.
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B. FTDP-17: frontotemporal dementia
with parkinsonism linked to chromosome 17

Frontotemporaldementias Figure 2A) represent a
rare form of presenile dementias tlaa¢ clinically defined by
behavioral and personality changes, psychomotor
stereotypes, as wells loss ofjudgmentand insight. The
neuropathological  findings include an asymmetric
frontotemporal atrophgndthe presence ofilamentous tau
deposits. Thediseasewas napped tothe tau locus on
chromosomel7. Tau is a merotubule-associategrotein.
Knockout experimentgevealedthat tau isnot essential for
brain formation (Harada et al., 1994), although iinolved
in the pathology ofseveral neurodegenerativediseases
(Spillantini and Goedert, 1998). Tau transcripts undergo
complex regulated splicing in the mammaliannervous
system. Thelternativesplicing of one of its exonsxon
10, is species-specificThis exonis alternatively spliced in
adulthumans, but is constitutivelysed inthe adult rodent
brain. Inaddition,the usageof exon 10 isregulated during
developmentand increases when neuronal development
proceeds. Inthe protein, it encodesone of the four

A fewmicrotubuli binding sites oftau. Some of these tau

mutations thatctivateexon 10 usage &ve shown to cause

an accelerated aggregation of tato filaments(Nacharaju et
al., 1999),which is a hallmark ofeveralneurodegenerative
diseases, e.g. Alzheimer's disease.

A disruption of the proper balanoé tau isoforms with
three and four microtuble bindingsites isobserved in the
athology of severaltauopathies,including FTDP, Picks
iseasegorticobasaldegenerationGuam amytrophidateral
sclerosis/parkinsonism dementia complex. Secondary
structure predictionsuggest a stem loogtructure atthe 5'
splice-site of exon 1Ghat contributesto its regulation
&&rover et al., 1999; Jiang et al., 2000); howeveritheivo
relevance of this structure rans to be proven. laddition,
mapping of elements in tau exon fdealed acomplicated
set of cis-acting elementghat is disrupted by natural
mutations (D'Souzet al., 1999).Some of thesenutations,
such as L284L, are silent, but leaddisease bynterrupting

an exonic element that causes missplicing.

Sincealternativesplice-siteusagecan be regulated by
the relative concentration &R proteinsor hnRNPs,several
such trans-acting factors were testedlivo, and it wasfound
that some SR or SRelatedproteins(SF2/ASF, SRp75 and
U2AF65) stimulateexon 10 skippingGao etal., 2000). It
was shown that SR proteiage releasedrom their storage
compartments, the speckles, Byc2-like kinases(clk1-4).
Those kinases werfleund to strongly inhibit missplicing of
exon 10, even in several mutations
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Figure 2: Examples of diseases that are caused by errors in pre-mRNA splicing

A) Frontotemporal dementia with Parkinsonism (FTDP-17) as an example of mutation in splicing
enhancers and silencers. FTDP-17 is caused bg misregulation oftauexon 10 usage. Exon 1§plicing is tightly regulated by
exonic enhancer and silencer sequences in exon 10. It is unclear whether a secondary structure that masisetisées'isimportant
in vivo. Mutations close to exon 10, which are observe8BTDP-17 patients (shown ired), favorexon 10inclusion. The Cdc2-like
kinases clkl-4areable to revert the increase in exon ib@lusion. This opensnew therapeuticpossibilities totreat FTDP-17 and
related diseases by screening for factors or substances that selectively affect the regulation of alternative splicing.

B) Spinal muscular atrophy (SMA): compensation of a non-functional gene. Positional cloningstrategies led
to the identification of the survival of motorneuron (SMN) genes as one of the gBeeted in SMA.Two non-equalcopies of SMN
exist on chromosome 5qg13. Full-length SMN can dmdygenerated from theelomeric copy(SMN-1). Asilent C/T transition of the
sixth nucleotide of the centromeric cof$MN-2) (in red) disturbssplicing ofexon 7, leading tdhe generation of @runcated SMN
protein. SMA is caused byfailure to express the telomeriSMN-1 gene. One possibility to compensatefor the loss of SMN-1
expression is overexpression of htra2-betal. This SR like protein can switch the splicing pattern of thep@MhNRRIAtowards the
inclusion of exon 7, leading to a functional SMN-2 copy.

C) B-thalassemia: A point mutation activates a cryptic splice-site. The secondintron of the thalassemicf3-
globin gene harbors a C to T mutatiannucleotide 654. Thisreates an additional Splice-sitethat activates aryptic splice-site at
nucleotide 579 of th@-globin pre-mRNA, leading to theretention of an introniaegion. Antisenseoligonucleotidescan beused to
mask the aberrant splice-sites, resulting in the formation of the desired gene product.

that activate exon 10 usage (Hartmann et al., submitted).
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These exampleshow that missplicingan bereversed
in vivo by activating regulatory proteins throughtheir
kinases. It is possible thatower molecular weight
substancesan be isolatethat causethe release of specific
regulatory factors, by either activating tappropriate kinase
or blocking the correspondingphosphatase. Inaddition,
recent results show thatdrugs such as aminoglycoside
antibiotics whichcan directlyinteractwith regulatory RNA
structures, may alsbave a therapeutipotential (Varani et
al., 2000).

C. Spinal muscular atrophy (SMA)

Proximal spinalmuscular atrophy (SMAFigure 2B) is a
neurodegenerativdisorderwith progressiveparalysiscaused
by the loss ofalpha-motor neuron the spinalcord. With
an incidence of 1 in 10,000 live births andarier frequency
of 1 in 50, SMA is thesecond-mostommon autosomal
recessivedisorder andthe most frequent genetic cause of
infantile death(Pearn,1980). Thegeneresponsible for the
diseasewvasidentified as SMNJ1(survival of motor neurons,
Lefebver, 1995) and the diseasec@ised byloss of (96.4%)
or mutations in (3.6%) the SMNfene (With, 2000). A
nearly identicakopy of the SMN1geneexists butcannot
compensate for the absence of SMN1, becauseproessed
differently. Due to asingle nucleotidedifference inexon 7,
this exonis skipped in SNN2. Therefore the proteins
generated byboth genesdiffer in their carboxy terminus,
which is most likely crucial forthe function.The protein
generated by SMN2 encodedrancated,less stableprotein
with reducedself-oligomerizationactivity (Coovert etal.,
1997; Lefebvre etal., 1995, 1997).The exon enhancer
containing the singlenucleotide difference has been

imbalance of globin synthesiscausesthe a-chains to
precipitateand damageghe red blood cells. More than 100
mutations of the-globin geneleading to thalassemighave
been described (Wetherall and Clej§81), among them are
at least 51 poinmutations,which nostly affect pre-mRNA
processing(Kazzazin and Boehm, 1988;Krawczak etal.,
1992). These mutations either desttlog 5' or3' splice-sites
or generate cryptisplice-siteshat are usually located in the
introns Figure 2C). As a result,no functional3-globin
protein is produced.Since pointmutations often manifest
themselves as defects in pre-mRNp@licing, missplicing of
B-thalassemias is a model farlarge number ofmutations
(Krawczak et al., 1992; Nakand Sakamoto,1994). Cryptic
splice-sites of thalassemfzglobin can bechangedin vivo
by overexpressiowf the SR proteirSF2/ASF (Caceres et
al., 1994).Furthermore, themutated cryptic sites can be
blocked by a comlementary oligonucleotidéSchmajuk et
al., 1999; Sierakowska etal., 2000), thatenhances the
formation of thedesired B-globin product in cell-culture
systems.

This example illustratethat cryptic splice-sitescan be
maskedn vivo, which promotes the formation of tliesired
gene product.

V. Detection and treatment of splicing
defects

A. Alternative splicing as an indicator of
disease

Since pre-RNA pathways can adapt according to

environmental signals, the splicipgttern ofpre-mRNAS is
most likely areflection of the cellular state. There are

characterized (Lorson et al., 1999) and was found to be of th@umerous examples in which ehange ofexon usage is

GAR type. A systematicsearchfor trans-actingfactors
identified human transformer2-beta, anember ofthe SR
related family of proteins (Hofmann et al., 2000). An
increase of the concentration of htra2-betal results in
stimulation ofexon 7increase. AnNRNA generated bythis
pathway wouldencoded for a protein thatcan conplement
for the loss of SMN1.

This exampledemonstrateghat pre-mRNA processing
can bemaniplulatedin vivo to complement thdoss of a
gene product.

D. B-thalassemia

B-thalassemias are autosomal recessive diseases
(Figure 2C), in which the amount of-globin is reduced.
Individuals carrying ssingle mutated genareless prone to
malaria infection. About 3% of the world populationpstly
people living in regions endemicwith malaria, or their
descendants, are carriers. [-thalassemia causes
hypochromic, microcytic and hemolytic anemia. The
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associatedvith a pathologicalstate. The mosprominent
example iscancer. Some dhe changedound in splice-site
selection that are associated wimcer aresshown inTable

4. One of the best described genes that showsrthertance
of pre-RNA processinfpr tumor progressiorand metastasis
is CD44. Inthis gene, aleast 12 exonsre alternatively
spliced (Screaton eal., 1992) and their usagerelates to
metastatic potential.

With the completion othe humargene projecaind the
progress inarray techniques, itwill be possible todetect
differences in splicing patterns between anormal and
pathological state. Arrays  with exon-specific
oligonucleotides will make it possible to discowdmranges in
alternativesplicing patterns. Givethe numerousexamples
in which changes irexon usagere associatedvith disease,

the development of such a DNA exon chip might help in the

diagnosis ofcancer andthe elucidation ofthe underlying
molecular pathology. Furthermore, such a tool might be
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wstatic secretony protein of 94 amino acids

Lieme Cancer type Helerence
AMLI leukemiz (O et ul,, 1995)
calmetinm codin cancer [Schwnller o8 &l 1995)
deoxyeylidine kinase myeloid leukemia [¥iager ¢l al,, 2000
E-cadberin QSN CArCImmis (Bieckar ¢ al,, 1954}
fas Acute leukemia [Tnaia et al., |900)
Eibtomecit WIS COSICrTS [Mlanded ¢l al,, 199725
liver turnar
imterleukin-GR alpha Multiple mycloma | (Thabard exal | 1559)
K-S0 CANCET [looh et al., 1994)
MO Myeload cedl (Baw g all, J004F)
leukeines
MCam |'J1|k-' CAICEE [Carbome e ul, 1591)
P2 XM varios fumors (Mowa et al., 19949
parathyroid hormone-like peptide tUmrs (¥asuda et &l 153%)
{Muan et al., 19955

PIOSLILG CANGET

Table 4. Examples of genes that change their splicing pattern during

Only a few examples are given

used to detedhe effect of trans-actingfactorsin vivo and
could ultimately beused tounveil misregulation otrans-
acting factors in complex diseases.

B. Suppression of point mutations by
oligonucleotides

The majority of known pathological statessociated
with splicing are generated bpoint mutations thateither
destroy splice-sites orgeneratenew, cryptic sites in the
vicinity of normally usedexons(Krawczak etal., 1992). It
has been demonstrated that antisense nuatidsbinding to
the aberrantsplice-sitescaninhibit the usage ofthe wrong
sites and promote the formation of the normahe product.
Among nucleic acids, modified RNA oligonucleotideshave
beenused(Sierakowska e#l., 2000).Blocking the aberrant
splice-sitesforces the splicing machinery to reselect the
original splice-siteandcan restorehe correctgene product.
Currently, 2'-O-methyl oligoribonucleoside phosphoro-
thioates are the most widalged nucleic acids, since they do
not induceRNase Hmediatedcleavage of targete@NA and
seem to have only minor effects on cell viability,
morphology,andgrowth rates.Diseasedargetedinclude [3-
thalassemias (Schmajuk edl., 1999), cystic fibrosis
(Friedman et al.1999), musculadystrophymRNA (Wilton
et al., 1999), and eosinophildiseasegKarras etal., 2000).
Furthermore, apoptosis canibuenced byoligonucleotides
directedagainstBcl-x splice variants(Taylor etal., 1999).
The oligonucleotideapproach offers aigh specificity to
target amutatedgene. Moststudies havéeenperformed in
cell culture systems,where the oligonucleotide approach
works in multiple cellular contexts, whichargues for its
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cancer formation and progression.

broad applicability to suppress araberrant splice-site
selection. Itremains to be seewhetherthis approach can
also be used to modify exon enhancer usage.

C. Modification of trans-acting factor
action

Since the selection of splice-sites dspendent on the
relative concentration akgulatoryproteins, achange in the
concentration of a protein could possibly correct a
pathological ratio okexon inclusion toexon skipping. For
example,overexpressiorof SR proteinsand their kinases
clk1-4 can revert nssplicing of tauexon 10(Gao etal.,
2000; Hartmann etal., submitted);overexpression ohtra2-
betal can change the splicing pattern of SMN2 to
complementloss of SMNL1 in spinal muscular atrophy
(Hofmann etal., 2000);and the levels of hnRNPA1l and
SF2/ASF regulate alternativeplicing of mutatedalleles of
the cystic fibrosis transmembraneconductanceregulator
(Nissim-Rafinia etal., 2000) and mutated [3-globin genes
(Céceres etal., 1994). Since most splicindactors are
releasedfrom nuclear storage compartments, a promising
strategy might be the identification of specific
antagonist/agonistsor splicing factor kinases from a
chemicallibrary. Furthermore, it islikely that release of
splicing factors can occur imesponse to atimulation of a
receptorand specific agonistscould be found to arreshis
process. Such moleculesvil be easier to deliver
pharmacologically becausé their small size;however such
agonists remain to be identified, and their specificity proven.
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V. Conclusions

The basic mechanismiegulatingalternative splice-site
selection havdeendeciphered irrecentyears. Theabundant
usage of alternativpre-mRNA processindnas most likely
generated an evolutionaagvantagdor vertebratessince the
formation of protein isoformsrequired for specialized
functions wasgreatly accelerated. A disadvantage tiis
mechanism is thenisregulation ofpre-mRNA processing

Bourquin, J.-P., I. Stagljar, P. Meier, P. Moosmann, J. Silke, T.

Baechi, O. Georgiev, and W. Schaffnel997. A
serine/arginine-rich nuclear matrix cyclophilin interacts
with the c-terminal doma of RNA polymerase Il.Nucl.
Acids Res. 25:2055-2061.

Bredford, M.T., A. Frankel, M.BYaffe, S. Clake, P.Leder, and

S. Richard. 2000. Arginine methylation inhibits the
binding of proline-rich ligands to SH3, but not WW
domains.J. Biol. Chem. 275:16030-16036.

that is apparent in severlumandiseases. We hypothesize Brejtbart, R.E., A. Andreas, and B. Neal-Ginard. 1987.

that the roleof pre-mRNAdefects inhumandisease igust
beginning toemergeand is currently largelyunderestimated.
Since splice-site selection isegulated by extracellular

Alternative splicing: a ubiquitous mechanism for the
generation of multiple protein isoforms from single genes.
Annu. Rev. Biochem. 56:467-495.

signals, theanalysis of these signatansduction pathways Brett, D., J. Hanke, G. Lehmann, S. Haase, S. Delbriick, S.

might provide new insights and novel chancesfor therapy.
The connection ofthe molecular mechanismsgoverning
splice-site selectiorwith the detailed analysis of human
diseases will
treatment.
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