CHAPTER 6

Searching for Splicing Motifs

Lawrence A. Chasin*

Abstract

ntron remaoval during pre-mRNA splicing in higher eukaryotes requires the accurate
Iidmtiﬁmﬁnn of the cwo splice sites at the ends of the exons, or exon definition, The sequences

constitaring the splice sites provide insufficient information to distinguish rrue splice sites from
the greater number of false splice sices that populate transeripts, Additional information used for
€xon recognition resides in 4 large number of positively or negarively acting elements that lie both
within exons and in the adjacent introns. The identification of such sequence motifs has progressed
rapidly in recent years, such thar extensive lists are now available for exonic splicing enhancers and
exonic splicing silencers. These motifs have been identified both by empirieal experiments and by
computational predictions, the validity of the Iatter being confirmed by expetitental verification.
Molecular searches have been carried out cither by the selection of sequences thar bind ro splicing
factors, or enhance or silence splicing in vitro or in vivo. Computational methods have focused on
sequences of 6 or 8 nucleotides that are over- or under-represented in exons, compared to introns
or transcripts that do not undergo splicing. These various methods have sought to provide global
definitions of motifs, yet the motifs are distincrive ro the method used for identification and dis-
play litele overlap. Astonishingly, at least three-quarters of a typical mRNA would be comprised
of these motifs. A present challenge lies in undetstanding how the cell integrates this surfeit of
information to generate what is nsaally 2 binary splicing decision.

Splice Site Sequences Are Necessary but Not Sufficient

In the process of converting a pre-mRNA molecule to 2 mature mRINA, introns arc removed
by the spliceosome, a very large protein-RNA complex that contains five small nuclear RNA mal-
ceules and scores of proteins (refer to chapter by Matlin and Moore). During this reaction, the two
bordering exons must be brought close together, much as two substrates in a syntheric reaction
of intermediary metabolism. But in the latter case, each of the two substrates usually consists of a
population of identical molecules, whereas the two ends of the intron have a varicd composition.
‘The enzyme that is the spliceosome must bring together the GU and AG {which are almost always
identical) in the midst of some variety among the adjacent nucleotides.

The Splice Sites

The adjacent nucleotides at each splice site are far from random; they comprise two casily
distinguished consensus sequences of nine bases for the 5' splice site and about 15 bascs for the 3°
splice site. Position specific scoring matrices {PSSM) compiled from thousands of introns reflect
the relative contributions of cach base ar each position and allow any given sequence to be quan-
titatively evaluated for its degree of agreement to a consensas. One widely used such index is the
consensus valee (CV), which ranges from 100 (perfect consensus) to 0 {the worst consensus).?
The median CVs of human 5 and 3’ splice sites are 82 and 80, respectively, and the distribution of
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scores is wide: curoffs of 78 for 5 splice sires and 75 for 3' splice sites capture only three-quarters
of the sites. Interestingly, the consensus sequences themselves do not represent a majority among
splice sites. For instance, in a set of 5000 randomly chosen constitutive exons, less than 5% con-
tain 5' splice sites that perfectly match the consensus { {C or AJAG/GT{A or G)AGT) and the
consensus sequences do not represent the four most common ' splice site sequences (Fig, 1A).
%' Splice sites that conrain only three of the seven variable bases are nor incommon; the data in
Figure 1B suggest that about 20,000 such mismatched 5° splice site sequences are present in the
human transeriptome.

The protein factors thar recognize the 5' and 3 splice sires need o bind ro many distince
sequences, As an cxample, UZAE® which binds v the polypyrimidine tract of 3' splice sites, can
accommodate a wide variety of pyrimidine rich sequences in its binding site. Thus, this degree of
diversity might be tolerable if introns and ezons had evolved to lack sequences that resemble che
splice site consensuses, so thar the splice sives would be easily recognizable despite their degeneracy.
But just the opposite is the case: peendo splice site sequences (false splice site scquences that are not
used) are about an order of magnitude more abundant than the real splice sites in large transcripts
and aze present at a frequency similar to or greater than that expected by chance (see Fig. 1ICD
for the human HPRT gene). Moreover, many pseudo §' splice sites exist that perfectly match che
sequence of real splice sites; in these cases factors other than intrinsic strength* must play a role in
distinguishing berween the real and pseudo sites.

Different splice sice sequences have different strengths and this strength generally corselates with
the CV score, Thus the words “serong” and “weak” usually refer ro the CV and not to 1 splicing
measurement. Indeed, splicing regulation takes advamtage of this strength—on average, alvernarive
splice sites are slightly weaker than constirutive splice sites.’” However, the correlation berween
splice site stwength and splicing is far from perfect. For instance, Eperon and colleagues placed
different §' splice sites in comperition with a constant globin §' splice site and measured the propor-
tion of splicing at the tese site ! Correlation cocfficients between splicing efficiency and agreement
to the consensas were respectable (0.68 to 0.76) but far from perfect. Strength experiments have
usually been set up as competitions between two nearby splice sites.’ a situation that is not always
the case for endogenous splice sites. Thar is, a weak splice site may be recognized efficiently if no
neathy competitor ig present. Inefficient splicing of a splice site in 2 hererologous context implies
that in the natural context a splicesite communicates with other nearby sequence elements. Splice
site sequences may even have to be tailored to their context. For examples, mutation of a DHER 5’
splice site from AGA/GTAAGT (CV'79.6) to AGG/GTCAGT {CV B0.9) preserved the CV and
the predicted abiliey vo form a duplex with U1 snRNA, yet reduced splicing efficiency from 100%
1o 3%.? More sophisdcared methods, such as treating the PSSM as probabilities,'® using maximal
dependence decompositon (MDD),M or a support vector machine (SVM),” may marginally
improve splice sire predictions. However, such enbancements do not change the conclusion that
many real weak splice sites must be efficiently recognized, while many strong pseudo splice sites
must be ignored in the course of splicing a typical pre-mRNA.

The Branch Point

A third element that plays a central role in pre-mRNA splicing is the branch poine. The human
branchpoint consensus is YNYCRAY, aithough this sequence was detived from the biochemical
characterization of 2small number of branchpoints."* The conserved adenosine attacks the 5" splice
site and is usually located 18 vo 40 nt upstream of the 3 splice site, althongh it can be more diseant.™
The variable distance and poor conservation of the branchpoint makes it a poor predictor of real
3' splice sites. For instence, including the branchpoint in » computational search for real 3 splice
sites in the HPRT gene did not increase the accuracy of 3' splice site predictions.'

Exon Definition
The excision of an intron requires the paiting of splice sites at the ends of the intron, which can be
considered “intron definition” However, the initial recognition of most splice sites probably involves
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Figure 1. A} Histogram of the nurnber of occurrences of each unique splice denor 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. ) Frequency of pseudo
doner 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 symbaols 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-gquarter of real donor sites have CV scores below that value). D) As
C, but for acceptor sites,

“exon definition”, the identification of the two splice sites across the exon. There is plentifil genetic
evidence supporting this idea, in that the usual consequence of mutating one splice sice is skipping of
the exon—the remaining wild type splice site on the other end of the ezon is not used. Similarly, a
downstream 5’ splice site greatly enhancessplicing to-anupstream 3' splice site in vitro.”™® Terminal
exons are defined by interactions between factors that recognize the §' cap and Ul saRNP fot the
first exon'®® and polyadenylation factors and splicing factors that recognize the 3' splice size for
the last exon.?! Despite the widespread acecptance of cxon definition, the malecular basis for the
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implied communication has been seldom studied,” with experimental designs favoring 2-exon
RNA molecules and interpretaticns emphasizing spliceosomal interactions across introns.

Internal human exons havean average size of about 120 nt and less than 5% of exons are greater
than 250 nt in length.® If one adds the constraine thar a potential 3" splice site mnust be followed
by a §' splice site within 250 nt, then the number of false 3' splice sites is substantially reduced,
but the number of false §' splice sites is not, as they become the limiring factor. The pseudo exons
that are defined by these false 3" and §' splice sives which are assumed to be never used, outnumber
the real exons by more than an order of magnitude.'® If we accept exon definition as the usual case,
then the problem becomes thar of distingnishing real exans from these pseudo exons.

Additional Sequence Information Lies within Exons and Introns

Eatly experiments implicated exans as a senrce of information necessary for alternative splic-
ing.#5 In 1993, Shimura and colleagucs defined an exonic enhancer sequence as a short purine
rich sequence. Since that discovery there has been a steady stream of descriptions of analogous
regulatary sequences. These splicing regularory sequences fall into four categories based on their
location and their mode of action: exonic splicingenhancers and silencers {exonic splicing enhanc-
ers [ESEs] and exonic splicing silencers [ESSs]) and their intronic counterparts {intronic splicing
enhancers [ISEs] and intronic splicing silencers [1855]). There are myriad examples of ESEs and
the great majority of these have been identified from smdies of alternatively spliced exons. More
recently, it hasbecome evident that constitutively spliced exons require ESEs 28 well ™ In general,
ESEs bind members of the SR protein family (refer to chaptee by Lin and Fu).?* All SR proteins
have an arginine-serine (RS)-rich domain thar can interact with other proteins® and with the
RNA iself They also contain one or more RNA recognition motifs (RRMs). Most of the SR
proteint RRM: bind to a highly degenetate set of RINA sequences, yet display enough specificity
st a5 to be distinguishable from one another.®

Although less broadly studied., a number of ESSs have been identified in alternative exons.®
ESSsaretypicallybound by heteropeneous nuclear ribonuclear prateins (hnRNPs) (refer to chapter
by Martinez-Contreras et al), such ashnRNPA1 and hnRNPI (polypyrimidine binding protein,
PTB). Like SR proteins, hnRNPs show preferences for particular sequence motifs while binding
many other sequences with less, yet notable, affinity.* Fewer ISEs and IS8s have been described, but
somc of these have been catensively characrerized.?* Compreheusive lists of mammalian alremnative
exons subject to both enhancement and silencing (both by ESSs and I85s} rogether with many of
their mediators have recently been compiled. %

Global Approaches for Defining Sequence Motifs for Splicin,

A powerful approach to understanding how splice sites are recognized and ed is to use
bicinformatics or experimental approaches to define all the cis-clements that are implicated in
splice site recognition. The hope here is that general rules will become evident as one uncovers the
“splicing code”” The global approaches have been principally two: {1) statistical analysis of genomic
sequences to find motifs associated with enhancement or silencing; and (2) molecular selection to
define all the sequence motifs that will enhance or silence splicingin 2 particular contexvand/orin
response to a particular splicing factor, or to find the sequences thar bind best to a purified splicing
factor. The remainder of this chapter will focus on such global approaches. Understanding the
splicing code will allow for a more exhaustive identification of exons and therefore of genes and
proteins, with wids implications for genomics and medicine. In addirion, it will help us predict the
parterns of alternative splicing and understand the mechanism and regulation of splicing.

Exonic Splicing Enhancers (ESEs) Predicted by Computation

ESEs lic by definition within cxons and most exons differ from the rest of the genome in con-
taining sequences that must code for proteins. Thus a search for motifs that are abundair in exons
vs. other regions would be confounded by the inevitable emergence of common codon sequences.
This problem has been deale with in several different ways.
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Fedorov et al®® compared the frequencies of tetramers and pentamers in cxons to those in
intronless genes, reasoning that while both code for proteins, the former require splicing signals bur
the latter do not, Twenty-three sequences were identified thas were significantly more abundant
in exons, ranging from 17% to 42% overrepresentacion. The number of intronless genes used in
this scdy was relatively small,® perhaps limiting significance scores; and the biological activity of
the sequences found was not rested.

Fairbrother et al*® got around the protein coding problem by comparing exons to exans, thus
neutralizing the effect of protein coding, They reasoned that ESEs should be more abundant in
exons with weak splice sites than in exons with strong splice sites. Using all 4096 possible hex-
amers, they identified motifs for which this frequency difference was high, treating donor sites
and acceptor sites separately, 'To sharpen che selection, they added another criterion: the motifs
must also be more abundant in exons compared to flanking intronic regions. Using a cutoff of
>2.5 standard deviations for both criteria yielded a combined set of 238 hexamers, or 5.8% of all
possibilities. About a quarter of these were common to 5’ and 3' splice sites Many of these motifs
were shown to be active in functional assays demonstrating the validity of chis approach. Thus
mostof these hexamers are capable of acting as ESEs and are kivown as “RESCUE-ESEs”, Since the
sticcess rate of the validity tests was high, one must conclude that this selection was stringent and
that additional hexamers falling below the cupoffs may also act as ESEs, Fven at a selection rate of
5.8%, abour 23% of randomized exon sequences would correspond to RESCUE-ESEs {Table 1).
‘Thus this study suggested that ESEs arc abundant morifs, RESCUE-ESE sequences can be found
at heep://genes mitedu/burgelab/rescue-ese/ESE.txt.

In all morif selecrion experiments (computational or moleenlar) there arg caveats due to biases
inherent in each selection strategy. For example, in the RESCUE-ESE approach, by focusing on
exons with weak splice sites, there may have been a biased selection for ESEs associated with alter-
natively spliced exons, since as a whole they exhibit wealer splice site sequences than constitutive
exons.>” A more subtle bias arises from the faer thar the anscriprome has an intrinsically high
A + T content of 57%.% When that content is reasonably used as a background to calculare splice
site PSSM scores, G + C-rich splice site sequences will tend to stand out in information content
as “strong” (more distinct) whereas A + T-rich sequences will appear “weaker” (fess distinct
from background). A search for weak splice sites nsing PSSM values will thus favor A + T-rich
sequences for this reason alone and these sites will be associated with A + Trich genes (in A+ T
rich isochores) and consequentdy A + T-rich ESE candidates. This argument could explain why
RECUE-ESEs have a relatively high (61%) A + T content {Table 2).

The validity of RESCUE-ESEs was subsequently tested by examining evolutionary conserva-
tion. SNP densityat synonymaus sites within these morifs is lower than expected, especially when
located nearer vo splice sites, supporting the idea thar these motifs have been subject to purifying
selection and ehus are functional #®

A second study used the same general approach, bur different criteria to search for ESE
candidates. Our Iaboravory” circumvented the protein coding problem by limiting the analysis
to nonprotein-coding exons. Forty percent of human genes contain noncoding first exons® and
there are alto a substantial number of genes with cranslarion initiation sives located in che 3rd
exon, of an exon that is further downstream. The latrer represent a poal of abour 2000 internal
nancoding exons, of which about 500 were chosen that were less likely to have originated from
scquencing exrors. We searched for all possible acramers in this exon set, allowing a single mismatch
per octamer in order to obtain a sufficient number of hits. Octamers were identified that were
present at a much higher frequency in the noncoding exons compared to the sequences of twe
different negative control sets: (1) psendo exons from the same genes; and {2) the 5" untranslated
regions (U'TRs) of intronless genes, Neither of these sequences code for proteins and the intron-
less UTR sequences may contain information for stability, transport and translarion thac should
also be present in the noncoding exons and so would be filtered out. Motifs that fell above 2.8
standard deviations from the mean were considercd putarive ESEs (PESEs) and numbered 2069
of 65536 possibilities, or 3.2%. ‘This comparison also allowed the identification of motifs that are
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rare in real exons compared to pseudo exons and the 5' UTRs of intronless genes and these were
considered putative ESSs (PESSs}. Eight of eight PESEs enhanced splicing in a functional assay
and single base murations thar reduced the PESE scores to near neurraliry reduced this activicy. Of
58 examples of murations reporred in the licerarure to rednee splicing, 33% could be explained by
the disruption of a PESE {and 28% could be explained be the creation of a PESS), Again, because
the success rate of the validation tests was high, it is likely that additional PESEs would be found
among octammers with somewhat lower scores than thase chosen. Ar the conservative threshold of
3.2%, about 17% of « randomized exon sequence would be represented by PESEs {Table 1) so
like RESCUE-ESFs, these motifs are abundant. The average internal (coding) canstitutive exon
of 120 nt contains nine PESEs, often in overlapping clisters. PESEs are 2-fold more abundant in
exons compared to intrans, A full st of PESE sequences can be fonnd ac hetp:/ /wwwicolumbia,
edu/ecu/biology/faculey/chasin/xz3/pese262 rxr. A list of the scares for each of the two criveria
for all £5,536 octamers can be found at http://www.columbia.edi/cn/biology/faculty/chasin/
x23/Dctamers, txt.

Again, biases could have influenced the rypes of morifs that were selected. The 5° UTRs of
intronless genes that were used as an ESE-under-represented data set are often situated within
regions that are rich in CpG sequences, since the CpG islands that lic upstream of numerous
genes often extend as much as 2 kb into the gene.** Moreover, noncoding exons nsed as the
positive cxamples are low in CpG content relative to coding exons.* For both of these reasons,
CpG-containing ESE motifs may have been under represented in this sclection, since they
may not be enriched over the relatively high background of CpG-containing octamers in the
5' UTR of intronless genes. In the carlier comparison of exons to intronless genes mentioned
above,® most of the candidate ESS pentamers identified as being relarively scarce in exons
contained CpG dinucleotides. Although they have 2 CpG content similar ro that of exons asa
whole (Table 2, compare columns 2 and 12), PESEs do not include many ESEs predicted from
molecular selections and these tend to have very high CpG contents {Table 2, columns 5 to 8).
Another possible weakness in the sclection method described above stems from the assumption
that noncoding genes do not contain protein coding information. In fact, such exons may have
coded for proteins in the evolutionary past and mainraincd 2 vestige of this nonrandomness,
In this case, PESE candidates that merely overlap with highly used dicodons could have been
isolated as false positives. However, such sequences may tend o be ESEs nonetheless and the
high validation rates of PESEs argnes against this possibility.

PESEs were subsequently tested in a more rigorous fashion.™ Six real mammalian cxons (five
constitutive and one alternative) were computationally scanned for PESEs. About four PESE
clusters per 100 nt were found. By knocking out each individual PESE cluster with single base
substiturions and assaying splicing in vivo, 18 of the 22 predicted PESEs wete shown to be fune-
tional. In addition to fanctionaliry, this result showed that each exon required nearly all of its ESEs
to work in concert to promote efficient splicing; i.e., most were not redundant. A similar vest has
been carried our vsing a minigene containing an alternarively spliced alpha-tropemyosin exon.*
Eleven PESE:s or PESSs were mutated ro reduce their absoliute scores and in 10 of the 11 trials the
splicing levels responded accordingly (J. Coles and CW. Smith, personal communication). As
well as providing additional validation of PESEs, this study provides the fiest such experimental
test of PESSs.

Although entirely different criteria were used to sclect RESCUE-ESEs and PESEs, they show
considerable overlap, a fact that further supports the validity of both sets ( Table 3). At the same
time, the two sets contain distinct ESEs, As can be seen in Table 1 (column 4), each motifset covers
about 30% of the nucleotides in a collection of 5000 human exons, but together they cover 47%,
only slightly less than would be expected if they were randomly associared (~52%). Thus these
two conservatively derived sets of ESEs already cover half of an average cxon and there are several
additional motif sets yet to be discussed,



Alternative Splicing in the Posigenomic Eras

a2

(9171} %9 INCYR & sauey> Aq uopreadx] o

(DA SIBWRII0/ETRUISEYYAY NaeABOjoIMOMpa BN DY Mmadny) erep paisauoo Busn ,

xurew Bupoos [euomisod wouy pajoenxy
5.0l | PUE SISLZ WOUE SIBULL 09 ¢

‘sapienb £ doj syl w 52008 AT Yum suoxs opnasd USSOUD AjLUOpUE) £OR| PUB SUOXS USsayd Ajluapues Qs wodelep |

B|GR|IBAE JOU IyYN

£l A 9'c YN 90 £gl a°g £Z1 g'al €6 £0 ¥t 9¢ %0dy
9g at &g B¢ 4L 8¢ 4) 4 8T {414 143 £S W44 19 %1y
i24 s o 9 A [£4 09 [#4 44 99 iF 8’7y (:1% %D
6Z (44 21 T i L 6l gl ¥l oL ST &Sl £l Yol
£z £e a¢ £5 €l (414 5¢ SE L 01 L4 o'8Y 5T %0
7 114 6 6 6 Fa'd £Z LE 1z 9c £C P ¥l %0
9z 9z Ll €l 314 474 T Zl e 114 114 e i1 %Y
. aoeds
Ol VN Cat 0 =01 0L 0L 0L 2L '€ g'g asuanbas jo 9,
aneds
ab YN  9£5%9 & o ub I 4 nk 1T 9£599 960F aouanhag
0L VN gl01 09 ¥01 ot LOL 4] % L4t 090¢C g€ SHjow JO "ON
1 1 wg¥00T  POCT  wb00€ 9002 op€00C 866l l00Z 266l 9007 wP00T »ec00E
‘Buean  ‘woais  ‘Bueyz  ‘quwg ‘udaley  JeRYIS  Y,GREL deynod ‘usion  ‘Bueyz  Yagioiqliey oy
rLl uel]
SUoxy (suoxy 5583 S563 L5883 (TS A5 ) 2 {yxo 5953 s¥s1 83534 5383 XS
OpnRsd |9y OAIA W] JudIg Sy} Jopunasy anu) U OAIA W] -ANDs3y asuanbag
NS X138 XIS X31As XIHES X3S
aung Jung ‘3ung DU *Jung 3ung
L El Zl I8 3 ol 6 L 8 9 g 4 £ A 1

8135 grrour o suonrsodwos aseg -z ajqef




Searching for Splicing Morifs 93

Table 3. Overlaps hetween motif sets’

Moftif Set Expected by Expected by  Motif
Size PESEs®  Chance® PESSs?  Chance? Reference
RESCLUE-ESE*® 238 74% 36% 11% 23% 45
FAS-hex 3 103 10% 37% 54% 23% 87
Goren ESRY 285 53% 44%, 1%% 21% 54

¥ Percentage of the indicated hexamer set members that can be found within PESE or PESS octamers.
2 PESE, PESS; ref. 44, as amended at hitp:/www.columbia.eduicw/biologwfaculty/chasin/xz3/octamers.ixt

¥ calculated by simulation. Goren ESRs based on 3721 allowed hexamers.

Exonic Splicing Silencers (ESSs) Predicted by Computation

Global computational searches for ESS motifs have also been cacried out, Sironi et al® callected
a subset of pseudo cxons that was rich in predicted ESEs and then searched for averrepresented
hexamers as candidates for ESSs. A sccond criterion, overabundance in psendo exons compared
o sequences flanking the pseudo exons, was applied to normalize for possible base compositional
differences between ‘pseudo exon and cxon regions. This sccond criterion also sharpened the
search to make it test the hypothesis that ESSs function to prevent the splicing of pseudo exons,
as opposed to simply being avoided in real exons. The winning motifs were clustered into families
to generate three consensus sequences. One of the three {({T/G)YG{T/A)GGGG ) reduced exon
inclusion aboue five-fold in a functional assay, This G-rich motif was overrepresented in a test sex
of pseudo exons compared to real exons.

A large set of putative ESSs emerged from our statistical analysis described above for PESEs !
By searching for octamers that were underrepresented in real exons compared to both pseudo
exons and the §' UTRs of introndess genes, the influence of codons was avoided and the influence
of other nonsplicing signals residing in mRNA was minimized. A set of 974 PESSs was identified,
grouped into familics and z sampling tested in functional assays. Eleven of 12 PESSs increased
cxon skipping and single base mutations reversed this skipping, Sixteen of 58 exonic splicing
mutations in the literature could be explained by PESS formation, a number comparable to those
that could be explained by PESE dizruption. The PESS set represents about 1.5% of all octamers.
‘These sequences are very T-rich (47%) and C-poor (Table 2, colnmn 9}, PESSs are 3.5-fold more
abundant in introns compared to exons overall and show an additional increase just downsuearn
of real 5" splice sites, snggesting that they may function ro facilitate accurate recognition of the real
sites, They are also found at 2 higher frequency in the vicinity of pseudo exons, suggesting a usc
in repressing false splice sites. The combination of PESEs and PESSs increascs the discrimination
between real and pseudo exons: the ratio of PESEs to PESSs in real exons is 5.5 as opposed 10 0.6
for pseudo exans. This difference has been used as 2 guide to suggest whether a given sequence is
a exon or a pseudo exon (e.g. sce Fig. 6 in reference 45). Howevet, the frequency dismibution of
ESEs and ESSs in exons and psendo exons avetlap considerably, making them less than a reliable
predictor of real exons. A list of PESSs is located at htp: //werw.columbia.edn/en/biology/faculcy/
chasin/xz3/pess262.1xt .

Exonic Splicing Regulators (ESRs) Predicted by Computation

Yet another computational strategy to search for splicing regulatory motifs was devised by
Goren et al.” Reasoning that splicing signals would be both conserved and abundant in exons, they
ranked hexamers thar stood out in these rwo respects. To get around the protein coding problem
conservation was scored only at synonymous sites. Overabundant hexamers were chosen as dico-
dons that appeared more frequendy than expected if codons were paired randomly; here again
only codons differing at synonymous sites were compared so as to avoid the influence of protein
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coding, Hexamers with high scores for both criteria were collected, resultingin a set of 285 (7.7%
of all hexamers considered} that represented the best combination of scores. Ten of these sequences
were tested in funerional assays and most of these were shown o cither increase or decrease exon
inclusion while none of nine control hexamers with low abundance and conservation scores
significantly affected splicing. One might have thought that a seleetion based on abundance and
conservation would favor ESEs, but both enhancer and silencer effects were observed, depending
on the hexamer and on the host exon. The authors followed up on this dichotomy by placing each
of two winning hexamers ar 26 different positions within an 81 nt test exon. Here again, both
enhancing and silencing results were obtained, this time dependent on position. Finally, when
four winning hexamers resident in real exons were mutated so asto lose their high score, a mixture
of positive and negative cffects was obscrved while mutation of nonwinners had no effect. The
authors thus called these motifs ESRs, for exonic splicing regulators, since their effects could be
cither positive or negative depending on the context. They further suggested thar purative ESEs
and ESSs identified by others but untested for a position effect should be similarly regarded. A list
of all hexamers surveyed and their scores in terms of p-values for the significance of their deviation
from mean frequencies can be found ar htep:/ ferwwranacil/~gilast/sup_mat7.hem,

‘The hexamers selected here will be biased roward sequences that harbor synonymous codons.
Extreme examples are hexamers that coneain a stop codon as cither the first or last three posidions;
these 375 hexamers are removed from consideration. A second limitation is that the criteria used
do not specifically rarger splicing motifs bur apply o any function implicit in mRNA (transport,
stabiliry, etc.). However, the fact remains thae greater splicing effects were seen with many of these
sequences compared to controls, Some of the substitutions made to test for splicing phenotypes
also caused sequence changes in overlapping endogenous PESE or RESCUE-ESE motifs {not
shown), an ontcome that is not surprising given the coverage fignres shown in Table 1 and since
any hexamer substitation changes 10 overlapping hexamers (ot 13 octamers). Nevertheless, there
were so many ESRs tested here at so many diffcrent positions, that it is Hlkely that the ESR set does
contain many novel motifs that affect splicing,

An interesting idea that this work gives rise to is the possibility that che same motif can act as
an enhancer in one context and a silencer in another. The efficacy of some enhancers is known to
be dependent on the distance from a carger splice site. For example, the enhancement of splicing
at the dex 3 splice site has been shown to drop off when ESEs are placed more than 150 10 200 nt
downstream.® On a chemical level, the ability ofan RS dommin o crosslink to a splice site also falls
off ar distances greater than 100 nt.® However, while decreasing efficiency, these far positionings
do not reverse the effect of an enhancer. Individual natural ESEs have also beent shown to be able
to ace negatively when placed within an intron™ and there are cxamples in which a splicing factor
acts positively at one splice site and negatively at another (¢.g.. hnRNP H/F and SRrp86%), ora
single sequence element is a target for both positive and negative factors.’** One could argue that
there is a need for ES8s in exons in order to silence internal pseudo splice sites. But there are few
of these in constitutive exons: summed pscudo 5 and 3’ splice sitcs numbered less than 0.2 per
120 nt of exon in a set of 3000 examined {with a sizc limit of 250 nt} and over 80% of exons had
ncither such site. {Exons that contain altermative 5 or 3' splice sites obviously have more than one
splice site per exon, but these should be considered real sites, nor pseudo sites.)

The cautionary note sounded by Goren et al* presents a serious challenge, as there have been
few systematic studies of the effect of position on motifs isolated by global searches. For the most
part, however, experiments have not shown a context-dependent effect on activity. For example,
cight PESSs that werc originally found to be effective when inserted just downstream of a ¥ splice
site in a first test exon were equally effective when inseroed just upstream of a §' splice in a second
test exon. ! ESSs isolaved by molecolar seleetion similarly acted consistently as silencers in several
different contests ¥ Still, in these srudies position was not systemarically varied within a single
context. Analysis of natural ocenrrences of splicing motifs may be more relevant and here too, the
results have so far been consistent with prediction. For example, when we knocked out predicted
ESEs in a beta-globin exon 2, five of the six disruptions decreased splicing and the exception did
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not significantly increasc splicing, If seme of the predicted ESEs were really ESSs, as predicted by
the ESR idea, some of the knockeuts should have increased splicing, Finally, almost all of a panel
of hurnan mutations affecting splicing can be cxplained by the disruption of predicted ESEs or the
creation of predicted ESSs,* in accord with che expected behavior of the motif. It is possible that
these motifs funcrion as predicted when in their natural contexts bur that their normal activity
can be subwerted when experimentally placed in ectopic positions. An analogous resule, known as
transcriptional interference, has been seen with cxperimentally manipulated promoters.”

Molecular Selections

Most molecular selections have targered ESEs. Almost all of these types of experiments are
hased on the Systematic Evolution of Ligands by Exponential Entichment (SELEX), originally
designed to select for nucleic acid scquences that bind to a given protein or small molecule.™
SELEX has been applied in two ways: {1) determining the sequences that can be recognized by
a given RNA binding protein {binding SELEX); and (2} isolating sequences that functionally
enhance splicing (Finctional SELEX]).

Protein Binding SELEX

In protein-binding SELEX, a complex pool of ENA molecules containing a randomized region
8 to 20 nt Jong is incubated with a purificd RNA-binding protein or domain, The RINAs that are
bound by the protein are isclated, converted to cDNA, amplified by PCR and then transcribed
into RMA for a subsequent round of selection, This process is repeated several times to enrich for
RNA molecules with high affinity for the RNA binding protein. In this way, the binding specifici-
ties of several SR proteins, hnRNPs and other splicing factors have been determined 3% The
sequences are then analyzed to determine a consensus binding site(s).

The consensus motifs that have emerged from these binding SELEX experiments® (refer
to chapters by Lin and Fu, Martincz-Contreras et 4l, and Ule and Darnell} illustrate that cach
protein binds to a distinet set of sequences but at the same time can recognize a diverse repertoite
of sequences.® For instance, Cavaloc et al®® sequenced over 90 oligonucleatides bound by the SR
prowein $C35 and found five distinct consensuses. However, such degeneracy is not always the
case. Only a single Iong consensus was found by Tacke and Manley in binding SELEX experiments
performed with SRp40 (ref. 66). Why more than one consensus sequenceappears in many of these
experiments s not clear. In cases of proteins with more than one RRM, it is possible chat cach
binds a distinct sequence. Yet, when SELEX was applied to a single RRM derivative of ASF/SF2,
the one resulting consensus sequence differed from the rwo consensus sequences yielded by the
intact, wild type protein.’” Alternatively, a single binding site may be endowed with some flexibilivy
to accommodate a specific set of different sequences.™ A certain dichotomy in binding behavior
might also be related to the multiple roles SR proteins play in the splicing process:™ initial recogni-
tion, exon definition,” spliceosome assembly”™ and perhaps the cavalytic steps themselves #7375
(refer to chapter by Lin and Fu for a more derailed description of the functions of SR proteins in
splicing.} Ir is also likely that the diversity of sequences recognized is related to the fact that many
RNA binding proteins must bind to protein coding exons. Thus, the range of sequenee motifs that
can exist in a given exon is confined by the protein sequence encoded in that exon.

The advantage of binding SELEX experiments is that they probe and define the binding speci-
fcity of a purified protein, in the absence of possible interference by other factors. As such they
provide a valuable starting point in the interpretation of the roles of SR proteins and the motifs
dictating their action. On the other hand, SELEX may identify RNA sequences that bind 1o any
surface of 2 purified protein, not necessarily the natural RNA binding site and could thercfore
include sequences that are net functionally rel:vant in a biological context.

Functional SELEX

In this strategy motifs that are able to influence splicing activity are sclected. The iterative
isolation and amplification steps of SELEX are used here to seleer for shorr sequences that,
when inscrted inco an cxon, enhance pre-mRINA splicing. In these studies, a pre-mBNA pool is
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first synthesized that contains a weak rest exon containing a localized randomized region, This
pre-mRNA pool is used in in vitro or in vive splicing assays and the successfully spliced mRNAs
are isolated and amplified by RT-PCR.. As with the binding SELEX experiments, the winning
RNA sequences from the first round are recycled throngh several additional rounds, eariching for
RINA sequences that best enhance sphicing,

“The first experiments of this kind were carried out in vitro by Tian and Kole.™ They found that
the winning scquences were quite heterogeneous and could be divided into two classes: a majoricy
that were purine-rich, typically consisting of short runs of 5-6 purine mudeotides and a significant
minority (15% to 30%) that werenot rich in parines. Almost all of the retested sequences produced
efficient splicing, whereas only 1 in 10 of the unselected sequences promoted splicing, In a subse-
quent refinemenc of this procedure, shormer vetsions of the winning sequences were produced and
these yielded a less heterogeneous gronp with a consensus GACGAC...CAGCAG (the core being
of variable length) that was shown to bind SRp30.7

Two larger studics nsed random sequencesinserted into the second exon af a 2-exan transcripe
spliced in vitra, Liu er al™®™ gelecred sequences thar responded £o one of four different SR proteing
by using §100 extracts for splicing, These extracts lack all SR proteins, but splicing activity can be
restored upon supplementation with individual SR proteins.

Usingrhis approach, the authors selected 20-mer sequences that promoted splicing in response
to SRp40, ASF/SF2, SC35 and SRp55. Each of these selections yielded 2 consensus sequence thac
wasdistiner from the others. However, there was considerable hererogeneity within each group, the
consensuses were often short (3 to 8 nucleotides) and contained many ambiguous positions. Some
of the degeneracy might be explained by assigning a role to the sequences fanking each test motif,
as not all the motifs could promote splicing when tested on their own. Nevertheless, it was possible
to assemble a PSSM for cach class of motifs and this information has been incorporated into an
ESE searching program “ESEfinder” (heep://rulai cshledu/toals/ESE/) that scores sequences
for their ability to match each of the SR protein-specific consensuses.* High-scoring motifs are
found at a significantly higher frequency within exons as opposed to introns, ™ although the dif-
ferenceis modest {109%-20%), These matifs are also more strongly associated with weak compared
to strong 3' splice sites®

‘This experimental approach was refined in a later study that focused on motifs that mediate the
activity of ASF/SF2.% Here, the random oligomer pools were restricted to either 7 or 14 nucleotides
and were used to replace a 7-nncleotide natnral ESE in BRCAT exon 18. In this constmct, exon
18 was present as the central exon of a 3-exon transcript, an internal exoh situation that is more
commonly found in nature. Once again a degenerate though obvious sequence preference was
evident from these experiments. Most of these sequences not only enhanced inclusion of BRCA1
exon 18, but also funcrioned in the heterologous context of exon 7 of the SMNJ gene. A PSSM
was derived using not only the relarive prevalence of bases at each positon, bu also, in a novel
approach, taking into account the degree to which each sequence enhanced splicing, The PSSM
derived from the 7 nt oligomers {(consensus of CCCCGCA) proved o be the better prediceor of
enhancement than rhe PSSM derived from the 14 nt oligomers. This consensus differed from that
of the carlier derived ASF/SF2 consensus sequences (CACACGA) from the functional SELEX
experiment employing a 2-exon pre-mRNA and both of these consensus sequences differ from
the consensus sequences (AGGACAGAGC and RGAAGAAC) derived from binding SELEX,
experiments.® The authors combined the matrices from the two functional selections and showed
that the resulting PSSM (with the consensus CGCACGA) was able to predicr, with astatistically
significant frequency, the ontcome of a set of exonic mutations known to affect splicing.

Schaal and Maniatis™ took 2 slightly different approach to defining consensus seqnences that
mediare SR protein function. As in the smdy by Liu ct al describod above, they inserted random
sligomers into the second exon of a 2-exon transeript but assayed for splicing in vitro using
nuclear extracts instead of §100 extracts. Sequences that enhanced splicing were identified afier
tmubtiple rounds of selection using the same procedure as in Lin et al. The winningsequences were
subsequently screened for their ability to respond to specific SR proteins in $100 extracts and the
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sequenices were grouped according to their response. Here again hererogeneity and distinctness
characterized the sequences identificd. Most SR, proteins displayed some sequence preferences bur
in general these sequences do not march the Lin et al consensnses mentioned above, nor do chey
march well with the results of binding SELEX experiments. That different motifs emerge from
the functional SELEX experiments could be due to the effect of context, including the position
of the insert or substitution, or related to the another aspect of the test ¢xon used, e, small size,
murational weakening of splice sices, natural weakness of an alrernarive splice sire, etc.

Functional SELEX for splicing was performed in vivo by Coulter et al,* who inserted random
14-mers into a poorly spliced second exon in a 2-exon construct. After several rounds of selection
based on transient rransfection, the winning clones were sequenced. These fell into three categories,
purine-rich, adenine- plus cytosine-rich (ACE) and neither. Within the first two categories, the
identifiable morifs were quite degenerate. An ACE motifin the buman D44 gene was subsequently
shown to actas an ESE and to be bdund by the nonSR protein YB-1.% This last resule representsa
cautionary tale: by testing only for responsiveness ot binding to SR proteins, other, possibly more
significant, mediarors margeting the isolated motifs may be overlooked,

In an interesting variation on the functional SELEX scheme, Woerful et al tested che activity
of ~50 bp fragments of the CD44 mRNA in an enhancer-dependent exon in vitro.® Abour half
of the active sequences tested enhanced splicing and many of these mapped to a specific region
within the CD4:¢ mRNA, Most of the sequences contained 2 short AC-rich motif whereas others
contained purine-rich runs. This starting material was quite limited compared to random oligomers
and the fact that a restricted subsct of ESEs was overrepresented suggests that the test exon likely
has a preference for particular ESFs.

ESSs

Wang et al*” nsed an elegant genctic selection to isolate sequences that could cause exon skipping
invivo. When the central exon is included, i interrupts the reading frame of GFP; when skipped,
functional GFP is expressed, allowing the positive cells to be isalated by FACS. After insertion of
aset of random decamers, 133 unique sequences promoting GFP cxpression were isolated from
this screen. Many of the most common hexamers caused skipping in a heterologous exon, This
collection of 103 common ESS hexamers is known as FAS-hex3, By avoiding the iterarive enrich-
ment process of SELEX, any sequences thar inhibir splicing were isolated, rather than only chose
that have the strongest ESS activity. FAS-hex3 scquences are 2-fold overrepresented in introns vs,
exons and are especially overrepresented in exonic regions located between alternative 5 or 3’ splice
sites, Like the computationally selected PESSs, they show a peak just upstream and downstream
of 3’ and §' splice sites, perhaps to prevent neighboring pseudo sites from being used. Muration of
these sequences in natural exons increased the use of the proximal sites and resuleed in increased
exon inclasion, attesting to the silencing fimction of these sequences in narural alternative splicing,
Alternative intron rerendon events were also inhibited by FAS-hex3 sequences, often in favor of
skipping of the retained intron along with its flanking exons. Interestingly, FAS-hex sequences
that could inhibit intron retention by increased skipping tended to be different from those that
acted to decrease the use of an alternative splice site, sugpesting thar different ESSs act via differ-
ent mechanisms,

ISEs and ISSs

Whereas there hasbeen extensive investigation of the effect of intronic sequences on the alterna-
tive splicing of individnal genes (.., 35, 88-90), there has been relatively little global searching for
intronic splicing regulatory motifs. Farly studies by Nussinov® identified G-runs as
in introns near both the 3and 5' ends of exons. This work was extended by McCullough et al™™
to show that these sequences can enhance splicing at §' splice sites by enhancing the binding of
U1 snRINP. Staristical analyses and comparative genomics showed that intronic flanks of exons
barbor short runs of G, C or T Evidence for a role of intronic flanks in splicing regulation
comes from the finding that the flanks of alternatively spliced cxons are more conserved than
those of constitutive coons.5*%
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Subsets of the genome have been scarched for ISE motifs. Statistical analysis of sequences at
the ends of shott introns in several different otganisms produced pentamers that could be ysed to
enhance rhe accuracy of splice site prediction in such introns.® For humans, 8 of the 10 top pen-
tamerswere rich in G-triplets, Individual motifs have also been strongly associaved with alternarive
splicing in the brain, Brain-specific ISE and 1S5 candidate morifs were identified statiscically by
analyzing 25 brain-specific aleernatively spliced exons™; in contrast to introns overall, G-triplets
were underrepresented downsereamn of these exons, One of the ISE sequences, UGCAUG, was
subsequently shown to bind the Fox-1 and Fox-2 splicing factors and to be associated with regulated
alternative splicing in different tissues, including brain and muscle in 2 humber of species. 1% A
dowmstream intronic G-retramer motif was found to be associated with exon-skipping in alrerna-
tively spliced exons in the brain by Han et al and, interestingly, this element was shown to function
in canjonction with an exonic UAGG o effect silencing.'

Our own laboratory has uscd machine learning to assess whether inforimation for splice site
recognition is present in sequences flanking conssitutive cxons.'* A support vector machine (SVM)
found that sequences residing within ~50 bases of the splice sites can help distinguish real exons
from pseudo exons and identified overrepresented (ISE candidates) or nnderrepresented (IS5
candidates) peneameric motifs thar best aided the distinction. These included some novel motifs
as wells as G-triplets mentioned above and, despite its degeneracy, branchpoint-like sequences,
with z clear peak 24 nt upstream of the 3' splice sites. This work was followed up by a statistical
test for pentamers overrepresented in human exon flanks compared 1o psendo exons flanks.!™
A conservation filter was also applied here: only those pentamers that were also present within
4 50 nuccleotide region Hanking the orthologous mouse exons were retained. The resulting ISE
candidates fell into two distinct groups based on G + C content. A survey of 100,000 constitutive
exons shawed that their 50-nt flanks in general fell into distinct GC-rich or GC-poor categories;
remarkably, the extent of this dichotomy was much greater that that exhibited by the host genes
overall (i.c., duc ro residence in a particular isochore). Thus the factors that recognize these pura-
tive ISEs are probably diffevent for GC-rich genes and AT-rich genes, leaving open the poas:blhty
thar distinct mechanisms operate for these ewo gene classes. The GC-rich exons differed from
the AT-rich exons in other ways: the GC-rich ISEs tended o have a complementary ISE in the
upposite fank whereas the AT-rich ISEs tended to have the same ISE in the opposite flank and
predicted base pairing berween the flanks and the exon rended to be avoided for GC-rich exons
bu not for AT-rich exons.

Although our predicted ISE/S motifs were nor specifically tested, we did show that intronic
sequences are often important for efficient splicing.'™ Specifically, we found that splicing of an
cxon is often inefficient when it is not flanked by the 50 nt intronic sequence beyond its splice site
sequence (L., —63 ta —14and +7 ro +56). In addirion, two of three exons lacking their flanking
introny exhibited decreased oraberrant splicing when moved to ectopic positions within the same
intron, These studies show that intronic sequences proximal to exons contribute to splice site rec-
ogpition in an cxon-specific manner. The interplay between exonic elements and presumed ISEs
ocould also be seen in our test of narural PESEs. In weanscriprs (from the HBB-2 and THRS4-13)
tested for ESEs by mutational analysis, the wild type exons exhibited 50% to 80% inclusion when
their flanking intronic sequences were removed; in this sitnation, the removal of 2ny one of several
PESEs reduced inclusion scveral-fold, However, if the flanking intronic sequences were retained,
splicing was refractory to such single PESE knockouts.™ A similar interaction was seen with a
PESS knockout, the mutated exon in this case shedding its intron flank requirement (X. Zhang,
unpublished result).

Functional SELEX for Splice Site Sequences

Branchpoint sequences are active participants in caralysis rather than ISEs, but they do pres-
ent an analogous tension between specificity and degeneracy. Functional SELEX has also been
used for the selecrion of effective branchpoint sequences. After seven rounds of selection at a
fixed position the consensus that emerged was TACTAAC, " which can optimally pair with U2
shiRNA. However, when only 1 single round of selection was carried out, a wide varicty of effective



Searching for Spliving Motifi 99

sequences were found, many with only 3 to 5 bases capable of pairing with 12 snRNA %% [fthe
starting transcript had a weak polypyritniding tract, or i an ESE was removed, a better maich o
U2 snRNA was selected, another indication that a balance of compensatory factors determines
a splicing outcome,

Functional SELEX has also been used to define splice sive sequences, including the polypyrimi-
dine tract."'” Here again, multiple rounds of selection converged on the consensus sequences
and 5o no additional insight was provided into how exons with weak splice sites are recognized.
Incerestingly, the 5’ splice site consensus was also selecred in extracts lacking the Ul snRNA §'
end,"” suggesting that this sequence may be recognized by protein components as well as by
RNA-RNA hybridization.

Comparison of Computationally Predicted and Functional SELEX

Sclected Exonic Motifs

Asshown in Table 3, RESCUE-ESEs show considerable overlap with PESEs and avoid overlap
with PESSs. Similarly, fas3-hex3 silencers overlap with PESSs and avoid PESEs. Goren ESRs, which
exhibit either enhancer or silencer activities, overlap less with PESEs and not significandy with
PESSs {Table 3). Thus each set contains common and unique information. In contrast, ESEs defined
by functional SELEX*767% 3 gpear quite distinct from their computationally-derived ESEs, These
differences can be seen at the level of base composition and particularly in CpG content, which is
remarkably high in SELEX winners obtained in four different laboratories { Table 2, columns 5 to
9}, Binding SELEX motifs also usuaily differ from or show only weak similarities to those yielded
by functional SELEX, aithough certain of the former also display a high CpG content.”* Given
the methylated stavus of most CpGs in genornic DNA, one is tetpted to speculate on connections
to transcription: the slowingof transcriptional elongation at methylated CpGs'® may provide titme
for the reloading of splicing factors onto the C-terminal domain (CTD) of RNA polymerase,'™
as well as increased time for the association of factors with weak splicing signals independent of
any association with the CTD (refer to chapter by Kornblihtt},

One way to compare computationally derived morifs with those obrained from functional
SELEX is to use ESEfinder, a Web-based program® that scores sequences using a PSSM derived
from motifs selected for responsiveness to four different SR proteing.*™® About 40% of the PESE
octamers contain sequences that fall above the threshold for at least one of the four SR proteins,
a proportion that is not unreasonable given that PESEs presumably include binding sites for all
SR proteins whereas ESEfinder cavers only four, However, 28% of 2 random set of octamers also
achieves this rather undemanding benchmark. ASF/SF2 motifs were the most common among
PESEs ar 15%. Looking more directly for overlaps, Wang et al also concluded that there was no
significant overlap between ESEfinder motifs and RESCUE-ESES or PESEs, with the exception
of ASF/SF2 motifs with PESEs.*

An Embarrassment of Riches?

"The multi-pronged global attacks on defining splicing regulatory motifs summarized above
have promoted optimism that the “splicing code” may soon be solved.! 1! At this moment how-
ever, the number of effective motifs that have been experimentally defined or predicted may have
reached the point of diminishing returns. The use of four computationally sclected sets of ESEs
and one genetically sclecred ser of ESSs covers abour three-quarters of the nucleotides in a typical
exon { Table 1}. Moreover, there is no reason to think that all ESEs and ESSs have been identified.
While it is probably erue that some of the predicted but untested ESE candidates will turn our o
be inactive, it is even more certain that many more as yet unidentified motifs will have enhancer
activity. These motifs are to be found in the sequence space below the conservarive thresholds that
bhave been used in selecting predicted ESEs. Hard evidence for such new sequences can be found
in the tests of the predicred sequences. The specificity of both RESCUE-ESEs and PESEs was as-
sessed by mutating the predicted enhancer to a sequence that did not score highly. In almost every
case, the predicted decrease in splicing was indeed observed. But in half these tests the decrease
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was modest, with more than 50% of the enhancer activity remaining and a several fold splicing
enhancement was still in evidence. 4! Thus the percentage of sequence space assigned to ESEs in
these two studies must undoubtedly be increased by at least 50% and probably more. Stadler et
al'* have now formalized a search for additional ESEs and ESSs by developing an algorichm, called
Neighborhood Inference, thar searches for new ESEs on the basis of sequence similarity to known
ESEs and dissimilarity from E58s and vice versa. A sample of high-scoring hexamers identified by
this alporithm proved to act as ESEs or ESSs as predicred. The aurhors conclude thar the list of
splicing regulavory motifs is much greater than previously thonght.

An unreported reservoir of ESEs is also evident in most SELEX experiments, For example
of the 28 ASE/SF2-responsive heptamer motifs isolated in a functional selection, no two were
identical,® A repeat of this experiment would therefore be expected to tum up many additional
unique heptamers.

The extensivencss of the ESE list results in a obiquity of these clements. Although present
at lowcr densitics in introns than in ¢xons, computationally defined ESEs nevertheless heavily
populate psenda exons (Table 1, column 9), and ESEs predicted by funcional SELEX occur in
introns at about 80% to 90% of the level found in exons.® While from a strictly bicinformarics
point of view one can take solace in the high staristical significance of these differences, the fact
remains that the overall differences are modest. ‘Thus we are once again challenged with figuring
our how, in the face of chis richness of signals, the cell distinguishes real splice sites from psendo
sites and real exons from pseudo exons. This present situation has engendered the less oprimistic
view that we have indeed reached a point “right on the edge of chaos™!?

One consequence of the prevalence of splicing motifs is technical: one must be careful in draw-
ing conclnsions from mutational perturbations of pre-mRNA sequences. A single base change can
impinge en many possible resident motifs; and insertions, deletions and new junctions increase
the number of collaterally emergent sequences considerably. It may be necessary to turn to very
simple exons or to aim at easily characterized or isolated regions to minimize ambiguity in che
results. I will also be prudent to rake this accumulated list of ESEs into account when interpreting
the result of any selection experiment (compurational or SELEX based). An examination of the
results of three rypes of ESEs (sequences underlying ESEfinder, binding SR proteins or discoy-
ered in individual genes) showed three-quarters 1o be populated by at least one RESCUE-ESE
or PESE (data not shown). The second consequence is conceprzal. How can we explain how so
many sequences can act together to produce the binary decision that is made for the great majority
of exonst How can the perceived modest yet real differences in ESE and ESS densides berween
exons and psendo exons be leveraged to produce thac binary decision? To say that it involves a
*balance of combinatorial factors” is not much better than saying that it depends on “conzext’, in
that it describes the sitmation we see withour really explaining it

Cine casy way out is to invoke sccondary structure acting to “present” somne of these motifs but
ot others (e.g. asloops; see ref. 1 14) or to mask some motifs and not others (e.g, see ref, 115). One
technical problem in evaluating the role of secondary seructure on the splicing of narural exons is that
we do not really know how transcripts fold in vivo, In particular, many conformations that would
be considered too unstable to contribute to predicred equilibrium structures could be kinetically
trapped during transcription and last long enough to influence splicing outcomes. I is clear that
secondary structures do play role in many spliding decisions (reviewed in ref. 116) (refer to chapter
by Park and Graveley) but whether this inflnence is pervasive is not yet clear. If secondary structure
is not invoked then we need models that seek to explain why so tmany ESEs are present.

It is reasonable to think that the majority of these splicing motifs are playing a role in exon
definition.’¥ The main featore of this model is that both cnds of an exon must be recognized
before splicing at either end can ocenr. The implied commumication berween the rwo ends of the
exon conid be realized via a bridge of proteins, each a necessary link in 2 flow of information me-
diated by a series of allosteric transitions. This is a rather complicated model but does explain the
necessity of multiple ESEs to construct this bridge. Moreover, a fitting combinarion of proteins
may be needed toensure proper signal propagation, although this need not be a unique assemblage
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{Fig. 2A). Consistent with this model is the finding chat different pre-mRNA molecules associ-
ate with different sets of nuclear proteins.”'” Arguments against such a model are that random
sequences can be inserted into exons often without dire consequences. Thus insertion of bacterial
sequences from 16042 1o 1000 nuclpotides long into the central exon of a 3-exon consteuet did
not impair splicing despite the probabiliry that they do not have high densities of ESEs. Alchough
we found that one-third of a randomly chosen set of human genomic sequences of about 100 nt
decreased splicing when inserted into an exon, the other two-thirds had lietle effect.” An argument
against a requirement for specific proteins lies in the face that insertion of any of a wide variety of
predicted ESE sequences can enhance the splicing of a crippled exon. 412 Indeed it should not
be necessary to invoke a continuous bridge for the two ends of an exon to communicate in exon
definition: an ESE at cach end could suffice to recruit splicing factors that could then inveract by
simply forming a loop {Fig. 2B).

An alternative model that neecssitates large numbers of ESEs puts the cmphasis on ESSs. If
ESSs are fairly common and if the binding of an inhibitory factor to a single ESS is sufficient to
inhibit splicing'®'% chen it may be necessary to have enough ESEs per exon to prevent even asingle
silencing protein from binding (Fig. 2C-E). If there are no ESSs this is not a problem as may be
the case of the bacterial inserrs mentioned above. But the protein coding requirements of theexon
may not allow the complere exclusion of ESSs, and these sequence elements may have additional
downstream roles even in constitutively spliced exons, such as in translation.’**'® Furthermore,
splicing inhibitors such as haRINF Al can undergo multimerization leading to cooperative bind-
ing'® with the consequent displacement of many more distant ESE binding factors (Fig. 2F-H).
Extensive coverage of the cxon with ESEs and their binding factors may prevent proteins kike
hnRNP Al from paining a foothold. The ESE in the immunoglobalin M2 exon acts in this way
by disrupring the association of PTB with an ES5.1 Of course neither of these anti-ESS models
excludes a positive role for other ESEs in promoting splicing at the same time,

It is possible that ESSs provide mote of the information for discriminating real exons from
pseudo exons than ESEs (for a review see ref. 46). As can be seen in Table 1, RESCUE-ESEs plus
PESEs are about 60% more abundant in real exons than pseuda exons, bur PESSs and FAS-hex3
silencers ate 2-fold more abundant in pseudo exons than real exons, There are now several examples
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Figure 2. Maodels incorporating a role for extensive exon coverage in exon definition. Thick
lines, exans; thin fines, introns; E, enhancer binding proteins; S, silencer binding proteins,
rectangle and oval, spliceosomal or prespliceasomal complexes. A) A bridge of proteins is
required in order to sense that both ends of the exon have been recognizes as splice sites,
Camplete exon coverage is required for efficient transrission of this information via alloste-
ric transitions. B} The opposite case, in which enhancers help recruit splicing factars 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 binding of even a single silencer protein. F-H) Despite many enhancers, leaving a single
silencer unobstructed allows binding by an inhibitory protein {e.g., inRNP A1). Once bound,
the inhibitory protein multimerizes, leading to the displacement of splicing factors,
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of intronic murations that create new exonsapparently by the inactivation of silencers elerments {
sec ref. 125). Such events have led to the exonization of Alu sequences'® and could underheet'ﬁe
cvolution of new genes in general.'?” There is lirtle doubr thar ESSs can play a role in the silencing
of pseudo exons, but whether this mechanism represents a giobal rale has not been established.

The Future

Struetuse determines fanction in biclogy and the structure of RNA within an RNP isultimately
dictated by its sequence, What proteins bind to what RN As, ™ how the position and onder of motifs
influence factor binding and splicing and how positive and negative intron sequences factor into
the equation are all questions that are approachable experimentally. Answers to these questions
will help move us from lists to mechanisms. From bioinformarics we can expect yer more global
information defining ISEs and ISSs as well as refining ESEs and ESSs, Relationships between
motifs (e.g. see ref. 103) and between motifs and expressed splicing factors'®™ are beginning
1o be revealed using combined compurational and molecnlar appraaches. The problem of how
the cell integrates information from a large set of overlapping signals is not wnique to splicing. In
transcriptional regnlation the choice of trug promoters from among psendo signals has parallels in
the identification of true splice sites, and even the cellular decisions that are made during embryonic
development are somewhat analogons in that slight differences in 2 morphogenetic gradient are
amplified ro producea binary response. For splicing we now know many of the players, a necessary
step in order to decipher the rules of the game.
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