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ABSTRACT: Mutations that affect mRNA splicing often
produce multiple mRNA isoforms, resulting in complex
molecular phenotypes. Definition of an exon and its inclu-
sion in mature mRNA relies on joint recognition of both
acceptor and donor splice sites. This study predicts cryptic
and exon-skipping isoforms in mRNA produced by splic-
ing mutations from the combined information contents
(R;, which measures binding-site strength, in bits) and
distribution of the splice sites defining these exons. The
total information content of an exon (R; 1) is the sum
of the R; values of its acceptor and donor splice sites, ad-
justed for the self-information of the distance separating
these sites, that is, the gap surprisal. Differences between
total information contents of an exon (AR; 1) are pre-
dictive of the relative abundance of these exons in distinct
processed mRNAs. Constraints on splice site and exon
selection are used to eliminate nonconforming and poorly
expressed isoforms. Molecular phenotypes are computed
by the Automated Splice Site and Exon Definition Anal-
ysis (http://splice.uwo.ca) server. Predictions of splicing
mutations were highly concordant (85.2%; n = 61) with
published expression data. In silico exon definition analy-
sis will contribute to streamlining assessment of abnormal
and normal splice isoforms resulting from mutations.
Hum Mutat 00:1-9, 2013. © 2013 Wiley Periodicals, Inc.
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Background

mRNA processing mutations, which are responsible for a wide
range of human diseases [Divina et al., 2009], alter the abundance
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and/or structures of mature transcripts. These mutations often oc-
cur proximate to exon/intron boundaries, but are frequently found
at other sequence locations within introns or exons. Mutations that
abolish or weaken recognition of natural splice acceptor or donor
sites often produce transcripts lacking corresponding exons or ac-
tivate adjacent cryptic splice sites of the same phase. Alternatively,
mutations activate cryptic splice sites whose strength exceeds exist-
ing natural sites elsewhere in the unspliced transcript. The resul-
tant molecular phenotypes may include isoforms with altered exon
length and, in some instances, reduced or leaky expression of normal
isoforms. We propose an approach based on information theory to
predict the structures and approximate abundance of the output
molecules generated directly or indirectly by splicing mutations.

Berget’s exon definition model [Berget, 1995] provides a mecha-
nism for recognizing multiple small exons against a background of
considerably larger intronic sequences. Accurate exon recognition
can be complicated by pseudoexonic structures present in introns
that mimic natural exon structures [Ibrahim et al., 2005]. To dis-
criminate between these structures, accurate spliceosomal recogni-
tion relies on relatively high affinities of the recognition sequences
in natural exons and the presence of other splicing regulatory ele-
ments. Exons and adjacent introns also contain splicing enhancer
(ESE, ISE) and silencer (ESS, ISS) sequences close to or overlapping
constitutive splice sites, which may assist or suppress exon recog-
nition through interactions with additional proteins [Berget, 1995;
Graveley and Maniatis, 1998]. Recognition of an exon may therefore
depend, to some degree, on the combined effects of each of these
proteins [Goren et al., 2010]; however, the factors that recognize
the acceptor and donor splice sites are often sufficient [Hwang and
Cohen, 1997].

Information theory can be used to measure the conservation
of nucleotide sequences bound by individual proteins or protein
complexes. In splicing, information theory-based models of donor
and acceptor splice sites reveal which nucleotides are permissible
at both highly conserved and variable positions in individual sites
[Robberson et al., 1990; Schneider, 1997]. These sequences are rec-
ognized prior to intron excision, and this recognition is related
to the strength of the spliceosome—splice site interaction [Berget,
1995]. The strengths of spliceosome—splice site interactions are re-
lated to the corresponding individual information content, R;, of
the RNA sequence [Rogan et al., 1998]. The automated splice site
analysis (ASSA) server was developed to determine changes in R;
values that result from mutations at individual splice sites, branch
point sequences, and/or splicing regulatory sequences [Nalla and
Rogan, 2005]. We propose that wild-type and mutant exons can be
defined by the cumulative R; values of each of these distinct binding
sites contributing to exon recognition (R; i), based on the fact
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that information is additive for independent sources of uncertainty
[Jaynes, 1957].

In contrast with splice sites across an intron, cognate pairs of
donor and acceptor splice sites from the same exon tend to be
separated by a narrow range of distances in the unspliced tran-
script [the most common internal exon size is 96 nucleotides (nt)].
Single-exon recognition tends to be constrained by preferred dis-
tances between the U2 and Ul spliceosomal binding sites across
the same exon [Hwang and Cohen, 1997]. We previously presented
a model to define exon sequences which incorporates the infor-
mation contents of both splice sites and preferences for frequent
exon lengths of all natural exons [Rogan, 2009]. A general approach
was used that minimized entropy of a pair of binding sites sepa-
rated by a variable-length interstitial sequence. Given a set of exons
flanked on either side by 100 nt intron sequences, the most accu-
rate model (99% correctly detected exon boundaries) was derived
by bootstrapping sets of 4,000 sequences with left (acceptor) and
right (donor) sites of 31 nt (9.7 bits) and 15 nt (8.1 bits) in length.
In the present study, we ensure that pairs of splice sites of oppo-
site polarity are derived from the same exon by incorporating the
surprisal function ([Tribus, 1961]; also termed self-information by
Shannon [Cover and Thomas, 2006]), which corrects for both fre-
quent and uncommon or rare intersite distances that are unlikely to
form an exon. This is based on the observation that long internal
exons are recognized inefficiently [Robberson et al., 1990], though
they do occur (1,115 known internal exons >1,000 nt; [Bolisetty
and Beemon, 2012]). The total exon information content (R; o)
is significantly reduced by this gap surprisal value, if either the pre-
dicted exon length is suboptimal or splice site pairs are derived
from different exons, but is nearly unchanged for common exon
lengths.

Here, we analyze splicing mutations according to changes in to-
tal exon information. Because the Automatic Splice Site and Exon
Definition Analysis (ASSEDA) server predicts changes in expression
relative to wild-type levels, it is assumed that the gene is expressed
in the tissue being assayed, and that all splicing regulatory factors
required for its expression are present in the relevant cell type in
which the mutation is analyzed. Multiple splice isoforms may be
produced from activated cryptic splice sites of the same polarity as
the mutated splice site. The exons with highest information con-
tents have the highest abundance, analogous to previous analyses of
individual splicing mutations [Rogan et al., 1998]. The R; 1ta values
for different exons in normal and mutant sequences are directly
compared to estimate their relative inclusion or exclusion in mature
mRNA. Information theory-based exon definition models generate
testable predictions of splice isoforms and can reveal splice isoforms
that have not been previously described.

Materials and Methods

Exon Information Content

We derive the information content of a spliced exon from the cu-
mulative contributions of the nucleic-acid-binding sites recognized
by the spliceosomal machinery and the distribution distances sepa-
rating binding sites within the same exon. Given a set S of n different
binding sites in an exon, each of which is recognized by m differ-
ent proteins, then S = {x,,, where 1= n < m}. The total information
content, I, of all sites in S is

Is = Z R;(x,)bits (1)

n=1
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The information content of each site, R;(x,) (measured in bits)
is derived from a weight matrix (R;,) representing the sequence
conservation of each nucleotide in that sequence. The derivation
has been presented previously [Rogan et al., 1998; Schneider, 1997].

The information contents of each set of binding sites are modi-
fied to account for the probability that these sites occur within the
same exon. This requires a gap surprisal term that depends on the
transcriptome-wide distribution of the lengths separating them. The
gap surprisal is applied to a set of sites within the same exon. Each
combination of different binding proteins (x;, x, ) is described by
a distinct distribution. The number of different unordered pairs of
binding sites, given n different sites, corresponds to (Z) different gap
surprisal terms. The gap surprisal for two binding sites (x, and x,),
separated by L nucleotides g(Ly,), is

€ (Lpg) = -log, [P (L )] bits 2)

where L,, is the distance between x, and x, sites. We calculate P(L,,)
from experimentally validated intersite distances from human genes.
Equation (4) signifies that the greater the distance between two sites,
the larger the gap surprisal (greater penalty) will be, resulting in a
biological reduction of larger than consensus exon length occur-
rence.

Denoting G(L), the total gap surprisal of (3) different pairs of

sites in set S,
G(L)= Y Y gLy (3)

1<p=n p<q=<n

The total information content (R; 1) is defined by combining
Equations (1) and (3),

DY 8Ly (4)

l=psn p<q=n

m
Ri,total = Z Ri(xn) +
n=1

To calculate the R; o1y of an internal exon, we consider the sim-
plest case with a constitutive set of donor and acceptor splice sites
(n =2). We define x; as the acceptor and x, to be the donor site.
x, has been extended to incorporate other types of binding sites,
including splicing regulatory factors, SF2/ASF (SRSFI) and SC35
(SRSF2), that modify exon recognition. These factors act to en-
hance splicing when the recognition sites are located within exons
(ESE) and repress splicing (ISS) if occurring in the intron adjacent
to constitutive splice sites [Lim et al., 2011]. The sign of this term
in R; o 1s positive if the binding site is exonic and negative if it is
intronic. The pairwise distribution of functional binding sites in the
transcriptome is required to determine g (L pq). For the first and
last exons of a gene, R; ol is the sum of the R; value of the single
splice site in that exon adjusted for g(L), where L is exon length based
on length distributions for the corresponding terminal exons. The
sign of the g (L ,) term is negative for exonic locations (ESE) and
reversed for intronic sites (ISS). We calculate and compare R; oral
values for the strengths of the constitutive splice sites in an exon
before and after a mutation (details are provided in Supp. Meth-
ods). Isoforms with either different donor or acceptor sites may be
predicted for each mutation. Because the lengths of these isoforms
may vary considerably from each other, an analysis of compound
mutations at different gene locations has been disabled in molecular
phenotypic analysis. The exon definition algorithm requires at least
one natural site from an exon to be contained in the predicted iso-
forms; thus, cryptic or pseudoexons activated by intronic mutations
are not reported. Nevertheless, an individual information analysis
with the ASSEDA server can detect changes at such sites as well
as detect preexisting, neighboring cryptic splice sites of opposite
polarity, which together could be recognized as novel exons.



Populating the Annotation Database

The ASSEDA server is based on human genome reference se-
quence hgl9 (GRCh37), GenBank and RefSeq cDNA accessions
(downloaded from genome.ucsc.edu, July 2011), and SNP (dbSNP
135) tables. Genome-wide information weight matrices for auto-
matically curated acceptor (n = 108,079) and donor (n = 111,772)
splice sites (acceptor_genome and donor_genome, respectively, de-
scribed in [Rogan et al., 2003]) were used in the R; o, calculation.
The reference sequence was scanned with these matrices to deter-
mine the R;s of known natural splice sites and used to populate a
MySQL database table (ALL_RI, modified from the all_mRNA.txt
and the refSeqAli.txt from the UCSC genome browser).

The frequencies of different exon lengths occurring in the
RefSeq database were determined for the gap surprisal calculation.
The distribution of internal exon lengths better fit both lognor-
mal and negative binomial distributions (Relative Standard Error
[RSE] = 0.0006), compared with a Gaussian (RSE = 0.003). The
lengths of first (best RSE = 0.006) and last (best RSE = 0.004) exons
fit these distributions less well because long exons are more frequent.
Gap surprisal values were normalized for all of these exon classes
separately, by offsetting these values for predicted exon length rela-
tive to most frequent exon length in each type, which was reassigned
G(L;) = 0bits. Separate distributions were compiled, respectively,
for first, internal, and last exons and stored in separate database
tables. The start and end positions of the first and last exons were
relaxed to include any coordinate within a 200 nt window once to
avoid duplication of exons in the gap surprisal calculation (this ac-
counts for variation in the methods used to generate the cDNAs that
are mapped onto the genomic sequence).

Incorporating Models of Splicing Regulatory Sequences
into Ri,total

The impact of mutations in ISS or ESEs at SF2/ASF or SC35
binding sites on constitutive splicing can be predicted by selecting
the option to incorporate this term into the R; computation
(on the Options page). Information weight matrices, R;(b,1), for
SF2/ASF, SC35, SRp40 (SRSF5), and SRp55 (SRSF6) were derived
from previously published data [Liu et al., 1998, 2000; Smith et al.,
2006] and supplemented by experimentally validated binding sites
curated from subsequent publications (sequence logos and weight
matrices are available in Supp. Table S1). After scanning the ref-
erence genome and locating all predicted binding sites with the
SF2/ASF and SC35 R;(b,]) matrices, their distributions, g (L Pq)’
were determined separately for intronic and exonic binding sites in
closest proximity to adjacent constitutive splice sites. In computing
Ri total> the strongest preexisting splicing regulatory site affected by
the mutation (with the highest initial R; value) is selected by the
server, unless the final R; value of a second site surpasses that of the
preexisting site upon introduction of the mutation (then the second
site is reported). The gap surprisal table that is applied is based on
which splicing regulatory protein is selected, and the location of the
site.

Description of Server

The ASSEDA server subsumes ASSA’s capability to analyze
changesin R;, and additionally predicts molecular phenotypes based
on changes in R; o1 ASSEDA and ASSA use the same interface to

input sequence variants: Human Genome Organization (HUGO)
approved gene symbols, Human Genome Variation Society (HGVYS)
mutation nomenclature, dbSNP identifiers, sequence window range
around the mutation coordinate, and selected weight matrices as
input (Fig. 1A; [Nalla and Rogan, 2005]). Mutation syntaxes are
then translated into equivalent Delila instructions [Schneider et al.,
1984]. The ASSEDA server contains a new option that allows anal-
ysis of either information of individual splice sites, the molecular
phenotype consisting of all predicted transcript isoforms based on
exon information, or both (for system architecture and program
flow diagrams, see Supp. Figs. S1 and S2). Upon submission of a
mutation, a set of GenBank accession identifiers (ID) corresponding
to mRNAs associated with the submitted gene is suggested. These
IDs now include mRNAs in the NCBI Reference Gene Sequence
database (http://www.ncbi.nlm.nih.gov/RefSeq/; RefSeq). The IDs
are differentiated according to GenBank accessions (in green) and
RefSeq IDs (in blue). The longest mRNA accession number is se-
lected by default, and the genomic structure of each RefSeq accession
is hyperlinked to the selected ID.

The window range is a primary determinant of the number of
potential isoforms reported because larger windows capture addi-
tional potential cryptic splice sites. The feasibility of exon forma-
tion is assessed by their R; o1 Values, and by using rule-based filters
to ensure that only likely isoforms are reported. These eliminate
cryptic exons with misordered splice sites, overlapping donor and
acceptor sites, internal exons less than 30 nt in length [Domin-
ski and Kole, 1991] predicted splice isoforms with <1% of exon
inclusion relative to the mutated, natural exon strength (AR; ol
between two isoforms <6.65 bits). The server highlights isoforms
with negligible expression when their R; ., values are at least 1 bit
below that of the R; o of the mutated exon. Tabular results can
be sorted by column and is paginated, which is particularly help-
ful for mutations in which numerous cryptic exons are predicted.
All rows with potentially expressed isoforms are uncolored, but
the wild-type exon is indicated in red. Splice isoforms that either
cannot be expressed or minor forms (<5% of the major expressed
form) that would not be detectable experimentally are, by default,
filtered out. Without filtering, rows containing nonfunctional or
minimally expressed predicted isoforms are highlighted in distinct
colors: (1) exons with misordered splice sites (light blue), (2) poten-
tial cryptic exons with lower R; ot values than normal or mutated
exon (1% predicted expression; pink), (3) isoforms with both in-
correct splice site order and have low R; values (green). The
minimum reportable R, value may also be selected using hori-
zontal sliding scale bar, which filters out potential exons below this
threshold.

The server draws a set of box glyphs (Fig. 2A) depicting a set of
exon structures and lengths of potential isoforms that are most likely
to form exons. The index of each isoform and its R; o, value are
also indicated next to each structure as well as the approximate chro-
mosome coordinates of the normal and cryptic exons. Mutations
at natural splice sites, which decrease R, 1ora = 7 bits (or abolish the
site), are depicted as exon-skipped isoforms; however, this threshold
is adjustable (Options menu).

The server also generates separate custom tracks of each isoform
and uploads them to the UCSC genome browser, where they are
displayed in the context of the exon containing the mutation as an
embedded frame within ASSEDA. Each isoform is represented by
a different spectrally encoded track, with highest to lowest energy
wavelengths ordered in correspondence with their respective R; otal
values.
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Figure 1. Server input and results for BRCAT mutation, chr17:9.41209068G>A (NM_007294.3:¢.5277+1G>A). A: User input. The window size of
200 ntincreases the number of potential cryptic isoforms reported beyond the default length. B: Resulting table after applying splicing mechanism
and exon abundance filters (isoforms 5-14 are not presented because of space limitations). The column headings show key binding site locations,
initial and final values and changes in R;, as well as changes in Rjtai. The natural or mutated exon is listed in table row 17 (WT in legend below).
Cells 1 and 4 (PI) indicate predicted cryptic isoforms with Rjta values comparable or exceeding the strength of the natural exon (Rjta final).
Splice isoforms with Rjta < 1 bit (> twofold lower abundance; NE in legend) of the mutated natural exon are minimally expressed and filtered
out. Rows 2 and 3 indicate predicted exons with misordered splice sites (NC), and rows 15 and 16 show exons, which also would be minimally
expressed (NC-NE); C) Only three of 35 potential isoforms are reported for the input mutation after filtering on these criteria.

Relative Abundance of Predicted Splice Isoforms

The server also displays pairwise differences in relative abundance
for all predicted isoforms. The relative abundance or fold change in
binding affinity of a single binding site is <22%, where AR; is the
difference between the respective R;s of wild type and mutant type of
the site [Schneider, 1997]. We extend the idea of relative abundance
of single binding site to multiple binding sites by comparing their
Ritotal Values. Suppose n and m are two alternative splice isoforms
sharing at least one common splice site and their respective total
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information contents are R; total(n) a00d R; total(m)- If Ritotal(n) > Rirotal(m)>
then the relative abundance of n over m will be <2ARétealm) twhere
AR total(nm) = Riotal(m) — Rirotal(m)- Relative transcript abundance is
displayed as a multidimensional graph (with scatterplot3d, an R
package for visualization of three-dimensional multivariate data).
The graph shows predicted pairwise differences in exon abundance
(z-axis) of the x-axis isoform relative to the one on the y-axis, both
before (left graph) and after mutation (right graph). The isoform
designations correspond to those shown in the other molecular
phenotype tabs.



Figure 2. Structure and relative abundance of predicted isoforms. Isoforms are depicted graphically according to their exon structures, relative
abundance, and custom browser tracks in separate tabs. Isoform numbers in the figure refer to designations in Figure 1C. A: The scale above
shows the genome coordinates of each of the isoforms. All of the prospective isoforms (sorted by ;) are scaled according to their genomic
coordinates (above glyphs). The exon-skipping splice form is displayed for mutations wherein resulting Riotar < 0 bits. (B and C) Plots indicating
predicted pairwise (x,y axes) relative minimum fold differences in abundance (z-axis) of each isoform both before and after changes in R;tal due to
the mutation. Results are depicted for BRCAT, chr17:9.41209068G>A. B: The natural wild-type exon (isoform 17) has the highest level of expression.
After the mutation (C), isoform 1, which activates a downstream cryptic splice site, is expected to be the dominant splice form. Note that the scale
of the z-axis will change between the panels, depending on the range of A R;1otal values resulting from the mutation.

Results

Exon Definition by Information Analysis of Functional Exons

Gap surprisal values of all exon lengths were determined from
their respective frequencies in the exome of all RefSeq genes. The
gap surprisal penalty was then normalized so that the most common
internal exon length (96 nt; n = 172,250) was zero bits, by subtract-
ing a constant value of 6.59 bits (its log, frequency). Less frequent
exon lengths were scaled to this value by subtracting this constant
from their respective gap surprisal values. First and terminal exons
are, respectively, missing either a donor or an acceptor splice site,
and exhibit a broader range of exon lengths. Separate gap surprisal
distributions were computed for these exons. The most frequent
first and last exons were, respectively, 158 nt (n=23,471) and 232 nt
(n =21,261) in length, corresponding to gap surprisals of 7.8 and
9.4 bits, respectively. R; 1 values were >0 bits for 98.9% of inter-
nal exons, 95.3% of first exons, and 93.1% of last exons (Fig. 3).
The distribution of R; . values for each of these exon classes had
an approximately Gaussian distribution. Although inclusion of the
gap surprisal term resulted in fewer false-positive splice isoforms
[Dominski and Kole, 1992; Robberson et al., 1990], a slightly higher
proportion of first and last exons had negative R; ot values. Because
most of these splice sites in these exons exhibited positive R; values
(72% of first, 87% last exons), the negative R; . values may be the
result of other unknown factors contributing to recognition of these
exons not accounted for, or to suboptimal gap surprisal functions.

Interpretation of Splicing Mutations by Exon Definition
Analysis

The previous ASSA has been upgraded to the ASSEDA server
(http://splice.uwo.ca). In addition to individual splice site analysis,
ASSEDA computes changes in total exon information resulting from
variants that differ from the most current version of the genome
reference sequence. Mutations are still inputted through a Web in-
terface [Nalla and Rogan, 2005] with a predefined sequence window
of sufficient length to encompass the spectrum of potential splice
sites activated by a mutation. The R; 1 values of prospective exons
within this window are computed with the Molecular Phenotype
option on the main page of the server.

The server accepts and reports genomic DNA coordinate nota-
tions (as well as the Intervening Sequence [IVS] notations) sup-
ported by the most recently proposed Locus Reference Genomic
variant format [Dalgleish et al., 2010], which is consistent with
HGVS recommendations. A typical molecular phenotypic predic-
tion is indicated in Figure 1 (BRCA1IVS20+1G>A or HGVS desig-
nation chr17: g.41209068C>T; Supp. Table S2, Mutation #4). The
tabular results indicate genomic coordinates of donor and accep-
tor sites, their relative distance from the closest natural site, and the
change in R; for these sites. Each row indicates R; 1o1a both before and
after mutation for a different set of exon boundaries correspond-
ing to a distinct predicted isoform. Predicted isoforms are sorted
according to these values, whose fold differences in binding affinity
are <28Khoul [Schpeider, 1997].
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Figure 3. Distribution of the Rj of annotated exons. Distribution of the Rj o of annotated exons. Histogram of R; o values for exons in the
RefSeq database are illustrated for first (a), last (b), and internal exons (c). Nearly all internal exons exhibit total information contents exceeding
zero bits (98.9%). The gap surprisal functions for first and last exons are not optimized for single splice site exons (4.7% and 7.0%, respectively,
have Rt values below zero bits). The majority of false-negative internal exons contain one or both splice sites that are either weak or are not

recognized by either the U1 or U2 spliceosomes.

Initially, 20 potential isoforms are found for this mutation, of
which those with the highest R; .. values and the affected natu-
ral exon are indicated (Fig. 1B). Based on the mechanism of exon
recognition and the AR; 1 values, only a subset of these indexed
isoforms is likely to be expressed. Splice site polarity is specified such
that a functional acceptor splice site cannot occur downstream of a
natural donor splice site to define an exon, and vice versa [Berget,
1995]. The server eliminates exons with misordered splice sites, re-
moving many false-positive splice isoforms that do not conform to
the natural mRNA splicing mechanisms. Pairs of splice donor and
acceptor sites that either overlap each other are also not consid-
ered as potential exons [Nalla and Rogan, 2005; Robberson et al.,
1990]. Predicted low abundance natural and cryptic isoforms with
undetectable expression (Figs. 1B and C) are also filtered out.

The structures and lengths of each potential isoform (natural,
cryptic, skipped) are also displayed in a separate tab (Fig. 2A).
The central exon affected by the mutation is drawn to scale; how-
ever, flanking intron sequences are condensed for the presenta-
tion. In the example given above, the exon 20 donor site in chr17:
8.41209068C>T (R; toral 11.9 — —6.6 bits) is inactivated and a corre-
sponding isoform with exon skipping is shown. The relative abun-
dance (z-axis) of different pairs of indexed isoforms (X and Y)
before (Fig. 2B) and after (Fig. 2C) mutation also predicts a num-
ber of cryptic isoforms. Isoform 1 uses a preexisting donor 87 nt
downstream that is at least 13,307-fold (i.e., <2'37b1%) more abun-
dant than the mutated exon, but would not normally be detected
because it is 32-fold (<2°°) less abundant than the normal exon.
mRNA analyses have shown that this mutation results in both cryp-
tic and skipped splice forms [Sanz et al., 2010]; however, isoform 4,
which contains 133 of intronic sequence (Figs. 1C and 2A), was not
detected.

The molecular phenotype analysis panel also displays wild-type
and predicted mutant isoforms as separate BEDGRAPH custom
tracks on the UCSC genome browser. The combination of these pre-
dictions with other browser tracks (i.e., sequenced mRNAs, ESTs,
and known SNPs within a gene) can distinguish mutant from nat-
urally occurring alternative splice forms or previously described
variants that may be associated with a suspected mutation.
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Validation

To assess whether the proposed model of exon definition pro-
duced results consistent with observed mutant spliced products, we
evaluated a series of reported splicing mutations for which end-point
(Supp. Table S2) and quantitative (Supp. Table S3) expression stud-
ies had been performed. Mutant isoforms and relative abundance
were predicted for splicing mutations in the nephropathic cystinosis
gene product (CTNS), cardiac myosin binding protein C (MYBPC3),
fumarylacetoacetate hydrolase (FAH), the Ellis van Creveld syn-
drome gene product (EVC), thalassemia (HBB), coagulation factor
XII (F12), adenosine deaminase (ADA), cyclin-dependent kinase in-
hibitor 2A (CDKN2A), iduronate 2-sulfatase (IDS), phenylalanine
hydroxylase (PAH), paired-like homeodomain 2 (PITX2), phospho-
mannomutase 2 (PMM?2), and early-onset breast cancer (BRCAI
and BRCA2).

A detailed analysis of one of these mutations illustrates the im-
portance of the gap surprisal function and of post-hoc filtering
out misordered and weak exons. A splicing mutation, CDKN2A:
IVS2+1G>T (g.21970900G>T; Supp. Table S2, #21), abolishes a nat-
ural donor site, and numerous potential cryptic donor sites are un-
masked (n = 61 potential exons). After filtering nonconforming or
negligibly expressed isoforms, eight prospective exons of sizes 133,
234, 166, 680, 435, 973, 742, 515, and 308 nt remain. Application of
the gap surprisal term reduces the number of exon combinations.
Exons of length 308, 435, 515, 680, 742, and 973 nt are much less
common, and the gap surprisal penalties are correspondingly larger
(5.9, 7.1, 8.3, 8.6, 8.6, and 9.9 bits, respectively), significantly lower
their R;ota values. The three highest predicted 133, 166, and 234
contain correctly ordered splice sites (with penalties of 0.8, 1.4, and
3.0 bits, respectively), two of which have previously been reported
[Rutter et al., 2003]. Similarly, PMM2: IVS3-1G>C (Supp. Table S2
#41) mutation predicts 263 possible exon structures, 35 isoforms
when the gap surprisal penalty is applied, and only four after filter-
ing. Clearly, one of the strengths of the present approach is that it
effectively eliminates improbable or poorly expressed isoforms.

The accuracy of information-based exon definition prediction
was compared with expression data for these mutations (Supp.



Table S2). There is generally good concordance with documented
splice isoforms. All mutations either weakened or inactivated nat-
ural splice sites or activated cryptic splice sites as expected. Among
the mutations tested, 36 of 41 mutations were completely consis-
tent with published results, including cryptic isoforms. In some
instances, a reported cryptic exon was predicted, but was not deter-
mined to be the most abundant splice isoform.

Information analysis correctly predicted several types of splicing
abnormalities in different genes. There were 31 mutations that re-
sulted in formation of one or more cryptic exons (Supp. Table S2).
Exons using these cryptic splice sites were predicted for 28 of the 31
mutations, 20 of which had the highest R; 1 values. “Ehe cryptic
splice isoforms for the remaining eight mutations were predicted to
be among the highest in abundance, save one (Supp. Table S2 #10).>
Complete intron retention was reported for one mutation (#40),
whereas nine mutations were found to result in exon skipping only
(#1,7, 8,11, 14, 23, 26, 37, and 41). Previously, we have shown that
large changes in AR; can result in exon skipping as well as leaky
splicing [Rogan et al., 1998]. All of these mutations decreased R; total
of the natural exon, although in one case, the extent was marginally
below significance (#14; 0.8 bits). Exon skipping was reported for
mutations #7, 8, 23, and 24 rather than reduced levels of exon in-
clusion suggested by the exon definition analysis. These mutations
reduced the predicted exon abundance by ninefold to 23-fold rela-
tive to the normally spliced product. This level of expression is close
to the detection limit of a minor cryptic splice isoform for most an-
alytic methods [Rogan et al., 1998], and may explain why only exon
skipping was documented for these mutations [Claes et al., 2002,
2003; Macias-Vidal et al., 2009; Tompson et al., 2007]. Additionally,
the discrepancy could simply be because of the limitations of the
type of in vitro analyses performed.

Exon definition analysis of the remaining mutations showed par-
tial discordance to published mRNA evidence. In three cases, the
reported cryptic site used had an R; < 0 bits (#10, 15, 32). Muta-
tion #27, R; ora Of the natural and the proven activated cryptic site
does not quite reach the threshold for a functional site defined by
information theory. In the final case (#22), the creation of a cryptic
donor is predicted (2.7 bits), but the resultant 425-nt exon is not
observed (R, toral < 0).

In simple molecular recognition systems, information theory-
based methods predict binding-site affinity changes, as R; is a di-
rect related to binding affinity. However, while spliceosomal bind-
ing affinity is crucial to constitutive splice site recognition [Berget,
1995], other factors such as interactions with regulatory factors
can influence splicing outcomes [De Conti et al., 2012]. The present
model attempts to account for the effects of these factors on exon in-
clusion by incorporating the contributions of multiple binding sites.
Predicted isoforms were compared with detected mRNA species for
eight splicing mutations that have been assessed with quantitative
methods (predominantly quantitative RT-PCR; Supp. Table S3).
ASSEDA correctly predicted a decrease in wild-type splicing in most
instances. Cryptic exons detected (Supp. Table S3: #2, 4, 5, 8) were
also correctly predicted, and were ranked highest based on R; otal
values (using a window size 200 nt) in all but one case (in which the
cryptic isoform ranked second; Supp. Table S3: #8). Decreases in the
predicted strength of the natural exon were accurately predicted for
six of eight mutations (Supp. Table S3: #1—4, 7, 8). The mutation
€.653A>G (Supp. Table S3: #5) was found to abolish normal splicing
of exon 6 of PCCB, although the exon was predicted to have some
residual splicing (82.3% decrease in binding efficiency). Conversely,
8.6622214G>C (Supp. Table S3: #6) in NSUN2 was predicted to
abolish normal splicing (99.97% decrease in binding efficiency),
but a low level of the splice form was still detected (5% of control

expression). When both cryptic isoforms and exon skipping occur
(Supp. Table S3: #2 and 8), the ratio between the two splice forms
does not seem to relate directly to predicted strength changes. In
both cases, splicing of the normal exon is abolished and a cryptic
isoform (where R; o < initial R; 1) appears, but they differ in
the ratio of exon skipping to cryptic exon expression. This may be
associated with the instability of mRNAs with frameshifted cryptic
isoforms (Supp. Table S3: #4).

Impact of ESE/ISS Elements

Elements recognized by splicing regulatory proteins, SF2/ASF
(SRSFI), SC35 (SRSF2), SRp40 (SRSF5), SRp55 (SRSE6), and
hnRNP-H (HNRNPH1), can now be analyzed with ASSEDA; how-
ever, these matrices are based on many fewer sites (usually <50),
and the R; values may not be as accurate as constitutive splice sites,
especially at the low end of the distribution. The server computes
R; values of any of these individual sites and can incorporate muta-
tions at either SF2/ASF or SC35 sites into the R; . computation.
Because a mutation can affect multiple predicted sites, the site with
the highest R; value altered by the mutation is analyzed, unless a
second cryptic site is strengthened resulting in final R; is exceeding
that of the original binding site.

A second gap surprisal function, based on the distances between
known natural constitutive sites and the closest predicted splicing
regulatory site of the same type, was also applied in the R; ;1 calcu-
lation. Exon (ESE) and intron (ISS) have independent gap surprisal
distributions (Supp. Fig. $3). The ubiquity of these splicing regula-
tory sequences suggested that their predicted distributions would be
biased toward shorter intersite distances; however; there were dis-
tinct preferences for certain distances. 17.2% of all exonic SF2/ASF
sites were separated by 4 nt from a natural splice site (n = 562,786;
comparatively, all other distances between zero and 10 nt range from
1.5% to 4.4% in frequency). The most common intronic SF2/ASF
sites were 1, 3, and 5 nt from the natural site (9.3%, 7.1%, and
10.5%, respectively; n = 562,788). The most common SC35 site in-
tersite exonic distances were 0, 4, and 7 nt (9.5%, 6.5%, and 6.6%,
respectively) and intronic distances were spaced 1 and 2 nt from the
splice site (9.9% and 9.5%). In all cases, frequency decreased with
increased intersite distance. The distribution of predicted SRp40
distances showed no distance bias; there was a gradual inverse re-
lationship between frequency and distance from the natural site
(maximum frequency was <0.1% of the sites).

To assess the effect of including SC35 and SF2/ASF sites in the
exon definition model, we evaluated 12 reported mutations/variants
in either SF2/ASF or SC35 sites that were reported to affect splicing
at adjacent splice sites (Supp. Table S4). Eight of 12 predictions of
ASSEDA were concordant with the published results (Supp. Table 4
mutations #1—4, 6, 9, and 11 are predicted to weaken splicing and
lead to exon skipping; #10 strengthens an intronic SF2/ASF site and
activates a cryptic donor). A single-nucleotide difference between
SMNI and SMN2 (¢.840C>T) is known to alter an SF2/ASF exonic
site, resulting in skipping of exon 7 in SMN2 [Cartegni and Krainer,
2002]. The SF2/ASF variant in SMN2 reduces AR; o of exon 7
in SMN2 by 5.7 bits relative in SMN1, corresponding to a 52-fold
difference in exon recognition, consistent with skipping of this exon
in SMN2 (Supp. Table S4: #1).

Observed alterations of splicing regulatory sites were not pre-
dicted in three cases (Supp. Table S4: #5, 7 and 12). For two other
mutations, SF2/ASF or SC35 sites were affected (Supp. Table S4: #3
and 8), but interpretation was confounded by concomitant changes
in the opposite direction to SRp55 splicing regulatory sequences (the
effect of mutation #3 is predicted with ASSEDA’s SRp55 model).
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Discussion

We have designed and implemented a novel approach to pre-
dict the molecular phenotype of a splicing mutation, producing a
probable set of splicing isoforms expressed in mutation carriers.
The system is based on information theory-based methods that
accurately quantify binding-site affinity [Rogan et al., 1998; Schnei-
der, 1997]. Nonexpressed or very-low-expression exons are filtered
out by correcting for suboptimal exon lengths and eliminating in-
correctly ordered splice sites. The use of gap surprisal to correct
for distances between required sequence features has been previ-
ously validated for other types of binding sites [Shultzaberger et al.,
2001]. Exon information (R; s, ) is computed by the ASSEDA server.
The backend databases consist of current human genome sequences
(hgl9/GRCh37) and gene annotations of exon coordinates, gene
names, and mRNA accession numbers, including NCBI Refseq en-
tries (and dbSNP 135). Mutation entry currently supports c. and g.
notation, as well as the deprecated IVS-based mutation description.

We implement a simple model for exon definition based on con-
stitutive splice sites, although the theory for extensible framework
for incorporation of multiple splice site recognition sequences is
derived. Exon-definition-based predictions were compared with
known splicing mutations with published mRNA studies, and these
predictions were found to be highly concordant (Supp. Table S2).
These mutations were sourced from our previous publications so
that information theory-based modeling of individual splice sites
could be compared with exon definition [Mucaki et al., 2011; Rogan
etal., 1998].

The exon definition models imply that rare exons (regardless of
length) will have large gap surprisal penalties. This is supported
by the fact that, for exons exceeding a few hundred nucleotides in
length, the gap surprisal penalty increases with length, until it be-
comes asymptotic for exon lengths that occur once in the genome.
The significant gap surprisal penalties for long exons raise the ques-
tion as to how well the model performs at the extreme lengths to
correctly distinguish natural from decoy exons. The model fails if
the contributions of the gap surprisal term exceed the R; values of
both natural splice sites. In fact, this is generally not the case.

To assess the ability of the server to predict naturally occurring
large exons, eight large internal exons in genes BRCA1-ex11, BRCA2-
ex11, TTN-ex253, JARID2-ex7, KLHL31-ex2, C6orf142-ex4 (MLIP),
VCAN-ex8, and C17orf53-ex3 were evaluated using ASSEDA (Supp.
Table S5). Despite the large-gap (>10 bit) surprisal penalties, the
R; (otal Values for each of these exon was still exceeded zero bits. This
can be attributed to their strong donor and acceptor sites, which
appear to be essential for large exon recognition ([Bolisetty and
Beemon, 2012]; the exception being the donor site of BRCA1I exon
11 [2.9 bits]). These predicted shorter splice forms are present in
BRCAI mRNA; however, they do not encode full-length protein. For
example, the highest ranked prospective isoform for BRCAI-ex11
was a 118-nt-long alternate splice form (NM_007298.3). These large
exons were not ranked first, as the R; ;o1 0f smaller exons (<250 nt)
tended to have higher overall R; o5 (lower gap surprisal penalty).
Larger exons tend to have a higher ratio of enhancers to repressors
compared with smaller exons [Bolisetty and Beemon, 2012]. This
suggests that the gap surprisal function will need to be refined or
contributions of other splicing regulatory proteins will need to be
incorporated into R to correct the ranking of splice isoforms
from long exons.

Although the model we have implemented does predict the pre-
ponderance of mutant splice isoforms, it has obvious limitations.
For example, misordered splice sites excluded in this model can
sometimes be activated through the formation of novel cryptic ex-
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ons when proximate, preexisting sites of opposite polarity occur
within adjacent introns. The server does not currently handle these
situations, which are thought to be uncommon and because of the
requirement to include at least one functional site of opposite po-
larity in the mutated exon.

By default, the current models do not take into account other
types of splicing-related binding sites that influence splice site selec-
tion, including SR proteins that contribute to exon recognition. This
is expected to result in discordant interpretation (i.e., Supp. Table
S2 #27) or inaccuracies in predicting the abundance predicted splice
isoforms because R, o values will be underestimated. Changes in
strengths of SF2/ASF and SC35 binding sites can now be included
in the R; 1 calculation, which can improve its accuracy. However,
results might be skewed when the altered splicing regulatory sites
do not contribute either positively or negatively to normal splic-
ing. There are many more predicted SF2/ASF and SC35 sites in an
exon than there is evidence for each having a specific role in exon
definition. Furthermore, only a single splicing regulatory site is cur-
rently used in the R; . calculation, and this assumption may have
to be revisited if the molecular phenotype is the result of multiple
synergistic or antagonistic binding events. For example, there are
two variants in Supp. Table S4 (#3, 8), which alter either SF2/ASF
or SC35 binding sites, but simultaneously change the predicted R;
value of a proximate SRp55 site. Conceptually, the ASSEDA server
can be modified to handle such situations. Nevertheless, predict-
ing changes in molecular phenotype resulting from mutations at
multiple, overlapping ESE/ISS sequences will require simultaneous
validation of these effects on all of these sequence elements.

In some cases, the published alternate splice form is detected, but
is not the strongest (highest R; 1) cryptic exon predicted (Supp.
Table S2, #2, 10, 13, 21, 25, 27, 34, and 38). Many of these published
mutation phenotypes are based on a gel-based RT-PCR analysis,
wherein some cryptic splice isoforms may not have been detected.
The gap surprisal term may also be inaccurate, as there are a higher
percentage of false-negative natural exons with R; o < O bits. We
suggest using the top five splice forms, including cryptic isoforms
with the highest R; ;o1 values to perform experimental validation of
these predictions.

The gap surprisal contributions for all exon types (first, last,
and internal exons) are more variable for larger exons (Supp. Fig.
S4A, C, and D). Although stochasticity is clearly discernible be-
cause of low counts of longer exons, some of this variability can
be attributed to genomic selection for these exon lengths. Certain
exon lengths may be overrepresented because of paralogous gene
duplications, which tend to inflate their frequency relative to other
exons of similar lengths, leading to significantly lower gap surprisal
values. Additionally, exons that retain an integral number of codons
are more frequent than similarly sized exons that change frame (+1
or -1 length), consistent with previous studies of cassette exons in
alternatively spliced genes [Clark and Thanaraj, 2002; Stamm et al.,
2006]. This triplet periodicity is well defined for exons ranging in
size from 9 to 200 nt (Supp. Fig. S4B), but nevertheless is still appar-
ent in exons beyond 500 nt in length. For these reasons, we avoided
fitting gap surprisal values to an algebraic function or smoothing of
these distributions.

The development of an exon-definition-based mutation analysis
was motivated by the desire to generate predictions that could be di-
rectly compared with laboratory expression data. In some instances,
these predictions have included strong cryptic exons that have not
been previously detected, possibly because the laboratory studies
did not directly anticipate the corresponding splice isoforms. The
level of concordance we report for previously validated splicing mu-
tations justifies a prospective study of natural and mutant isoforms



predicted by the server, in which all predicted cryptic splice isoforms
are tested, and if possible, quantified. It should be feasible to imple-
ment algorithms to automate design of isoform specific sequence
primers for quantitive expression analysis. This feature will close the
circle between bioinformatic methods that predict potential splic-
ing mutations in large-scale genomic DNA sequence studies and
the design of experiments to validate the expression patterns with
mRNA from the same individual.
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Supplementary Figure S1 — Architecture of the ASSEDA Server



Supplementary Figure S2 —Flow Chart of the ASSEDA Server. The program flow chart of the server, with

brief descriptions of the programs listed.
Start I

v
Authorization > error.cgl
k4
disclaimer.cgi
¥
l phenotypes.
menu.cgi / \
v v before after.r final graphics.pl
User submits own User submits own \ /
sequence accession number
v » generate_menu sis.pl
option_gen.cgi
v v
parser_sisl.O.cg runlister

v l I

parser_sis_gen.cgl |« display.cgi

interpret_mutl.3.pl

h 4 v

set_naturall.lbak

interpret_gen.cgl

h 4

Short Description of all Programs:
dizclaimer.cgi: Displavs the disclaimer to the user, once thev enter the login information.
menu. cgi: Displavs the menu file given the script.

parser_sis].0.cgi: The whole center of all the procedures. Calls all the programs and executes the mutational analvsis.
Once results are achieved it calls displav.cgi to display the results menu.
parser_gen.cgi: It does the same job as parser_sisl.0.cgi, but onlv in case when user submits his own sequence.

pterpret_mutl.3.pl, buerpret_gen.pl: Feads the mutation entered, draws out exon information from the database,
forms the delila instructions and forms the inst file.

set_naturall, l.bak: This bash script sets the ground for the delila and scan, bv forming the directories according to
the Ri(b ) matrix and copving appropriate files to appropriate directories. Once the ground work is done, delila is
executed and in case of no errors, runs scan and forms the data file. It calls reall.l.pl program to analvze and
categorize results into decreased, increased and equal parts.

wonypespl: This calculates the total information content of binding sites and finds out the prospective isoforms.

before_after.#: This is an R file which generates the graphical comparison of the abundance of prospective isoforms.

z.pl; This generates the graphical structures of prospective isoforms.

genarate_meni_sis.pl: This generates the results menu page, dvnamicallv according number of ribl matrices the user
selected to analvze.

ter: This runs lister program and generates map pdf file.

P

display.cgi: It displays the various result pages to the user.

reall. [.cgi: Scans through the data file generated by the scan, analvses the results and categorizes the results
according to no change, decrease and increase in information content. The results are displaved in html pages.
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Supplementary Figure S3 — Gap Surprisal Distributions for constitutive splice sites of all human exons
The gap surprisal distribution is computed from the length and frequency of all exons in the genome (see
Supplemental methods S1). The length is based on the set of distances between the constitutive donor to
acceptor. The results are truncated in the Figure to indicate distributions for exons <2000nt in length. The gap
surprisals are separated by category of exon: internal (panel A), first (panel C) and last (panel D) exons of
genes. To illustrate the apparent triplet periodicity of the gap surprisal function associated with open reading
frames in exons of common length (50-150 nt), we include panel B. Exons were extracted from the RefSeq
database at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/RefSeq/).
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Supplementary Figure S4 — Gap Surprisal Distributions for SF2/ASF (SRSF1) and SC35 (SRSF2) sites
adjacent to constitutive splice sites in introns and exons

Gap surprisal function distributions were derived for splicing regulatory sequences from the inter-site distance
(nt) between all predicted sites of one type (either SC35 or SF2/ASF site) to the nearest constitutive splice site
(either donor or acceptor). These distributions are computed separately for intron and exon locations of splicing
regulatory sequences. The gap surprisal term and the R; value of the corresponding site are added to the other
elements of R; (1. The contributions of these terms (ie. their signs) are assigned based on whether a binding site
is treated as an ISS (R; < 0; g(L,,)> 0) or as an ESE (R; > 0; g(L,;) < 0). The gap surprisal distributions are

displayed for SF2/ASF exonic (A); SF2/ASF intronic (B); SC35 exonic (C); SC35 intronic (D). The windows
are truncated at exons <100nt in the images, however the software computation spans all possible inter-site
lengths. A constant value is added to the computed gap surprisal to normalize the values so that the most
common intersite distances are not penalized. For SF2/ASF, the most frequent exonic location was at position
+4 relative to the splice site (normalization constant: 2.54 bits) and intron location was at position -2
(normalization constant: 3.25 bits). For SC35, the highest frequency exonic location was at position +1
(normalization constant: 3.40 bits) and intronic location was at position -1 (normalization constant: 3.33 bits).



Supplementary Table S1 - Sequence Logo and Weight Matrix of Splicing Regulatory Sequence Binding Sites

E“;‘;‘I‘)‘:er Sequence Logo Position Weight Matrix*
1 Ri(a,)) Ri(c,) Ri(g,]) Ri(t,])
28 5F2_ASF binding sites
0 -2.965775 1.282153 0.034225 -4.906891
1 1 0.619188 -4.906891 0.619188 -0.965775
ASE/SF2 2. 2 -4.906891 0.493657 1.121688 -4.906891
(SRSFD N L A IV, 3 1.356153 -0.380812 | -4.906891 | -1.965775
1 I 4 -4.906891 0.734665 0.941116 -4.906891
B P S o gl 5 4906891 | -4.906891 1.734665 -1.965775
° 6 0.619188 -4.906891 0.204150 -0.158420
Ri(a,)) Ri(c,) Ri(g,]) Ry(t,])
oy D33 WIS binding sites 0 2036550 | -3.036550 | 1.663889 | -3.036550
1 -0.229200 | -5.000000 1.133374 -0.714620
I 2 -0.451590 0.770804 -3.036550 0.133374
( SSRCS3F52) 211 I I 3 -5.000000 1.050912 -5.000000 0.663889
I 4 -0.451590 0.285377 0.133374 -0.714620
II I I 5 -1.451590 0.770804 0.422881 -2.036550
0o scolabiveons j 6 -0.451590 0.133374 -3.036550 0.770804
’ ’ 7 -0.03655 -5.000000 1.422881 -5.000000




Ri(a,l) Ri(c,l) Ri(g,]) Ri(t,])
29 SRp40 width=6 binding sites
- 1.356397 -4.95420 -1.38057 -0.380570
-2.965530 1.789357 -2.96553 -4.954200
SRp40 -] _ _
(SRSF5) =1 I :[ 0.619432 1.96553 0.034469 0.158180
:[ -2.965530 -1.96553 1.678325 -2.965530
I
Tl -4.954200 0.619432 1.121932 -4.954200
5,’?"_7:"1_qu Cﬁl‘-_-3f
0.290497 -0.387570 -0.387570 -0.124540
Ri(a,]) Ri(c.,]) Ri(g.]) Ri(t.])
-0.747840 0.333690 0.944840 -4.58914
0.054720 -1.926170 -2.714670 1.243750
-0.108010 -0.501680 1.102020 -4.589140
SRp55
(SRSF6)
-2.714670 1.43323 -2.714670 -0.291460
-1.419210 -2.71467 1.702420 -4.589140
-4.589140 -4.58914 1.372790 0.200940
1.102020 0.054720 -0.747840 -4.589140




hRNP-H
(HRNPH)

1 Ri(a,]) Ri(c,]) Ri(g.]) Ri(t,1)

0 -0.86084 -0.86084 0.77387 -0.35388
1 -3.52381 -3.52381 1.73672 -3.52381
2 -3.52381 -3.52381 1.63271 -1.64934
3 -3.52381 -3.52381 1.73672 -3.52381
4 -3.52381 -1.64934 0.95732 0.31749
5 1.26627 -0.86084 -3.52381 -0.86084
6 0.31749 -3.52381 0.56365 -0.35388
7 -0.86084 -1.64934 1.39902 -3.52381
8 0.31749 -3.52381 -1.64934 0.95732
9 1.52059 -3.52381 -1.64934 -1.64934

*Information-based position weight matrices were generated using SELEX (Liu et al., 1998) sequences, as well as the sequences of
other sites confirmed in published binding studies. Left: sequence logo with error bars indicating 1 standard deviation. Right

:information weight matrix (R;[b,1]).




Supplementary Table S2 -Analysis of published mRNA splice-altering mutations by information theory-based exon definition analysis

Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
Santisteban et al., NM_000022.2:¢.478+6T>A ) o
1 X ADA 12.4 ->10.9 Natural exon is weakened Exon 5 skipping concordant
1993 2.43254204T>A
210523 Natural donor is abolished, 4 nt intron retention of Exon
0->2.
Santisteban et al., NM_000022.2:¢.975+1G>A strongest cryptic exons uses pre- 10 (reported splice form
2 X ADA o " o concordant
1993 2.43249658G>A 13.7-14.9 existing donors 8, 48, 10, 94, 4 and | ranked 5™ by exon definition;
7-14.
43 nt downstream Riorar 13.7 bits)
152 > 3.4 Natural donor is abolished, o
5 NM _007300.3:c.212+1G>A ’ ’ ) Exon 5 skipping, and a 22nt
3 Sanz et al., 2010 BRCATI® strongest cryptic exon uses pre- ] ) ] concordant
g2.41258472G>A 14.1 o exonic deletion splice form
’ existing donor 22nt upstream
11.9 > -6.8 Natural donor is abolished, and the o
2 a NM_007300.3:¢.5340+1G>A ’ ’ . Exon 21 skipping, and 87nt
4 | Sanzetal., 2010 BRCAI - strongest cryptic exon uses pre- ) ) ) concordant
2.41209068G>A 6.9 o intron retention splice form
‘ existing donor 87nt downstream.
13.5 > -5.1 Natural donor is abolished, and the
3 NM _007300.3:c.441+1G>A ) ’ ) )
5 | Chen et al., 2006 BRCAI* strongest cryptic exon uses pre- 62 nt deletion of Exon 7 concordant
g2.41256138G>A o
15.2 existing donor 62 nt upstream.
16.6 ->5.7 Natural acceptor is abolished, and
5 NM_007300.3:¢.5216-1G>A ) )
6 | Sanzetal, 2010 BRCATI* the strongest cryptic exon uses an 1 nt deletion of Exon 19 concordant
241215391G>A
-0.5->14.2 acceptor created 1 nt downstream.




Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
. NM_007300.3:¢.135-6T>G ) o
7 | Claes et al., 2002 BRCAI* 152 ->12.0 Natural acceptor is weakened Exon 5 skipping concordant
2.41258556T>G
Natural donor is weakened, and the
. NM_007300.3:c.134+3A>C 109->64 . o
8 | Claesetal., 2003 BRCATI® strongest cryptic exon uses a pre- Exon 3 skipping concordant
2.41267740A>C 82 o
‘ existing donor 103 nt downstream
] R4 > 64 Natural acceptor is abolished, and ) )
Caux-Moncoutier NM_007300.3:¢.213-2A>G S i 58 nt intron retention of Exon
9 p BRCAT* the top cryptic exon uses a pre- concordant
et al., 2009 2.41256975A>G 138 o 5
: existing acceptor 59 nt upstream
10 nt deletion of Exon 7
Gutierrez- 13.5->2.6 Natural acceptor is abolished, )
) NM_007300.3:c.302-1G>A o ) (reported splice form ranked )
10 Enriquez et al., BRCAI? cryptic site activated 31 nt N discordant
; 2.41256279G>A 27" by exon definition; Ri fotal -
2009 1.9 upstream )
0.7 bits)°
Campos et al., NM_007300.3:c.5256+5G>A ) o
11 ¢ BRCATI® 16.6 ->13.4 Natural donor is weakened Exon 18 skipping concordant
2003 2.41215345G>A
152 > 14.4 Natural donor is weakened by < 1 o
. NM 007300.3:c.212+3A>G : ’ ) ) Exon 5 skipping, and a 22 nt d
12 | Claes et al., 2002 BRCAI" bit, and the top cryptic exon uses a ) ) ) concordant
2.41258470A>G 14.1 o exonic deletion splice form
: pre-existing donor 22 nt upstream
Natural donor is weakened, and the | 65 nt intron retention of Exon
8.4->17.1
3 NM_007300.3:¢.5049+6T>G strongest cryptic exons uses pre- 17 (reported splice form
13 | Chenetal., 2006 BRCAI" o ) " - concordant
2.41222939T>G existing donor sites 95 and 93 nt ranked 6 by exon definition;
10.3-10.5

within exon 16

Ri,total - 64 bltS)




Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
Caux-Moncoutier NM_000059.3:¢.631+3A>G Natural donor is weakened by < 1 o d
14 s BRCA2 17.4 ->16.6 ) Exon 18 skipping concordant
et al., 2009 2.32900753A>G bit
18.6 > 3.8 Natural acceptor is abolished, and o
3 NM _000059.3:¢.8633-2A>G ) Exon 21 skipping, and a 43 nt )
15 | Chen et al., 2006 BRCA2 the top cryptic exons uses ) ) ) discordant
£.32950805A>G 14.4-15.0 exonic deletion splice form
AL acceptors 51, 33 nt upstream
13.5->11.5 Natural acceptor is weakened, and
Caux-Moncoutier NM _000059.3:¢.7977-71C>G Exon 18 skipping, and a 6 nt
16 o BRCA2 the top cryptic exon uses acceptor concordant
et al., 2009 2.32937309C>G -1.7->9.9 intron retention splice form
created by mutation 6 nt upstream
Natural acceptor is weakened, and
19.4 > 4.6
s NM _000059.3:¢.9118-2A>G the strongest cryptic exon uses pre-
17 | Claes et al., 2003 BRCA2 7 nt deletion of Exon 24 concordant
2.32954142A>G existing and slightly strengthened
14.2 ->14.5
acceptor 7 nt downstream
NM_000059.3:¢.8395A>G 13.5 Natural exon is unaffected, but the
18 | Sanzetal.,2010° BRCA2 (p.D2723G) strongest cryptic exon uses created 163 nt deletion of Exon 18 concordant
2.32937507A>G -0.6->18.0 cryptic donor 164 nt upstream
NM_000059.3:¢.8262G>T 135 Natural exon is unaffected, but the
19 | Sanzetal., 2010 BRCA2 (p.D2679Y) strongest cryptic exon uses created 298 nt deletion of Exon 18 concordant
£.32937374G>T -1.9->16.7 cryptic donor 298 nt upstream®
NM_000059.3:c.694A>G 11.7 Natural exon is unaffected, but the
20 | Sanzetal., 2010’ BRCA2 (p.D156G) strongest cryptic exon uses created 9 nt deletion of Exon 5 concordant
-4.6 ->14.0

2.32900279A>G

cryptic donor 9 nt upstream




Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
) ) Exon 2 skipping and a 74 nt
~ Natural donor is abolished, and the
13.0 >-5.7 . . .
) exonic deletion splice form
Rutter et al., NM_000077.4:c.457+1G>T strongest cryptic exons uses pre- )
21 0 CDKN24 o ) (reported splice form ranked concordant
2003 2.21970900G>T existing donor sites found 74 and g »
2" by exon definition; R; o
8.0-9.1 g
175 nt upstream
8.0 bits)
Cryptic donor 227 nt downstream
Harland et al., NM_000077.4:¢.458-105A>G of exon is activated by mutation 227 nt intron retention of
22 0 CDKN24 - ) discordant
2001 2.21968346A>G (R;-16.0 -=> 2.7 bits), but an exon Exon 2
using this site is not predicted
Macias-Vidal et. NM_004937.2:c.61+5G>A ) o
23 . CTNS 19.7 > 16.6 Natural donor is weakened Exon 3 skipping concordant
al., 2009 2.3543566G>A
94 >6.0 Natural donor is weakened, and the o
Tompson et al., NM 153717.2:c.1886+5G>T : : ) o Exon 13 skipping, and a 115
24 b EVC top cryptic exon uses pre-existing ) ) ) concordant
2007 g.5795449G>T nt intron retention splice form
5.8 donor site 115 nt downstream
5 nt deletion of Exon 7 due to
20.3->12.6 . . .
Natural acceptor is weakened, and | strengthening of a cryptic site
Arranz et al., NM_000137.1:¢.554-1G>T ) i
25 . FAH the strongest cryptic exon uses pre- | (reported splice form ranked concordant
20021 £.80460605G>T o " »
16.6 existing acceptor 12 nt upstream 4" by exon definition; R; ol
8.0 > 11.1 bits)
Natural acceptor is weakened, and
Arranz et al., NM_000137.1:¢.707-1G>T 16.5->8.7 . o
26 ” FAH the strongest cryptic exon uses pre- Exon 9 skipping concordant
2002 2.80465355G>T 91

existing acceptor 70 nt upstream




Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
Natural acceptor is weakened, and 1 nt deletion of Exon 14
-0.1 ->-11.0
Schloesser et al., NM _000505.3:¢.1681-1G>A the strongest cryptic exon uses pre- | (reported splice form ranked )
27 14 Fi2 o . » discordant
1995 g.176829461G>A existing acceptor 176 nt 4" by exon definition; Ri otar-
1.8
downstream 15.7 -> -1.0 bits)
) 41->09 Natural donor is weakened, and the ) ]
Lapoumeroulie et NM_000518.4:¢.92+5C>T ‘ ‘ ) 16 and 38 nt deletion splice
28 5 HBB strongest cryptic exons uses pre- concordant
al., 1987 2.5248155G>A 5455 o forms of Exon 1
e existing donors 16, 38 nt upstream
) 41002 Natural donor is weakened, and the ) )
Treisman et al., NM _000518.4:¢.92+5G>C Y ) 16 and 38 nt deletion splice
29 16 HBB strongest cryptic exons uses pre- concordant
1983 2.5248155G>C 54.55 o forms of Exon 1
D existing donors 16, 38 nt upstream
) 41->24 Natural donor is weakened, and the ) )
Treisman et al., NM_000518.4:¢.92+6T>C ) ) ] 16 and 38 nt deletion splice
30 6 HBB strongest cryptic exons uses pre- concordant
1983 2.5248154T>C 54-55 o forms of Exon 1
T existing donors 16, 38 nt upstream
) 4.1 ->-14.5 Natural donor site is abolished, and ) )
Vidaud et al., NM_000518.4:¢.92+1G>A . 16 and 38 nt deletion splice
31 17 HBB the strongest cryptic exon uses pre- concordant
1989 2.5248159G>A 5.4-5.5 o forms of Exon 1
existing donors 16, 38 nt upstream
) 12.1->-2.6 Natural acceptor is abolished, and
Vidaud et al., NM 000518.4:¢.93-2A>G ) i )
32 17 HBB the strongest cryptic exon uses an 15 nt deletion of Exon 2 discordant
1989 2.5248031A>G
-59->5.0 acceptor created 1 nt upstream




Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
89 ->-58 Natural acceptor is abolished, and
Atweh et al., NM_000518.4:¢.316-2A>G ) )
33 8 HBB the strongest cryptic exon uses pre- ~270 nt deletion of Exon 3 concordant
1985 2.5246958A>G o
9.1 existing acceptor 271 nt upstream®
) ) 12 nt deletion of Exon 8
6.5->-52 Natural acceptor is abolished, and )
Bunge et al., NM _000202.5:¢.1007-1G>C ) ] (reported splice form ranked
34 0 IDS the top cryptic exon with pre- " o concordant
1993 g.148568630G>C o 5" by exon definition; R; i
9.1 existing acceptor 82 nt upstream
2.0 > 3.4 bits)
Natural acceptor is weakened, and
188 >4.1 the strongest cryptic exons uses
Bunge et al., NM_000202.5:¢.880-2A>G o . i
35 1 IDS pre-existing acceptor sites 51 nt deletion of Exon 7 concordant
1993 2.148571973A>G )
99-10 1 activated 6, 7 nt upstream, and
51nt downstream
Natural acceptor is weakened, and
Bunge et al., NM_000202.5:c.419-2A>G 214->6.7 . S
36 " IDS the strongest cryptic exon uses 1 nt intron inclusion of Exon 4 concordant
1993 2.148582570A>G 1 24
3.7->246 strengthened acceptor 1nt upstream
Natural donor is abolished, and the
8.4->-10.3
Erdmann et al., b NM_000256.3:c.772+1G>A top cryptic exons uses pre-existing o
37 20 MYBPC3 Exon 7 skipping concordant
2001 2.47369974G>A 5636 donors 14, 169nt downstream and

52, 57 nt upstream




Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
R total(strongest eryptic Server (200nt window) with predictions
sites [if applicable])
96->-51 Natural acceptor is weakened, and 11 nt deletion of Exon 21

Erdmann et al., NM _000256.3:¢.1928-2A>G ; - | (reported splice form ranked
38 . MYBPC3 — the strongest cryptic exon uses pre N N concordant

2001 g.47361343A>G ey existing acceptor 30 and 60 nt 4" by exon definition; R; ol

downstream, and 22 nt upstream L5 bits)*
Natural exon change is
. 11.6 >11.3 L i i )

Dworniczak et al., NM_000277.1:¢.1066-11G>A insignificant, but the strongest 9 nt intron inclusion of Exon

39 . PAH ) concordant
1991 2.103237568G>A cryptic exon uses acceptor created 12
-4.6 > 10.2
9 nt upstream by the mutation
Maciolek et al., PITYD NM 153427.1:¢.252+5G>C
40 20062 0. 111542315G>C 7.9 ->4.0 Natural donor is weakened Complete Intron Retention concordant
- Natural acceptor is abolished, and
2 NM_000303.2:¢.448-1G>C 138->2.1 P
41 | Vegaetal, 2009 PMM?2 the cryptic exon using a cryptic site Exon 3 skipping concordant
£.8905494G>C 6.5->89

4nt downstream is strengthened

Published mutations known to affect mRNA splicing in various genes were analyzed using information theory based exon definition analysis. Mutations
are given in both HGVS g. and c. format (c. format is mRNA dependent; position 1 is the A of the start codon). The AR; a1 values of mutations of the
natural exon resulting from that mutation (as well as potential cryptic exons) are shown in the adjacent column. Interpretations of mutant exons predicted
by ASSEDA relative to the published results are also reported. ND = No data, BRCAI * All mutations for BRCA1 were adjusted by 1 having designation
beyond exon 4, when IVS notation is used MYBPC3 ° All IVS mutations for MYBPC3 were adjusted by 1 when IVS notation is used. ¢ Must allow
negative R; values in advanced settings for server to report cryptic exon. ¢ These mutations cause an information decrease of just under 1 bit. We call
these concordant because they do show a decrease as expected, and any activated cryptic sites detected and closely related in R © Must expand

window range to 500 nt for server to report this cryptic exon.
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Supplementary Table S3 - Validation of information theory based exon definition analysis- of mRNA splice-altering mutations by qRT-PCR

Ri,total(natural) ->

Ri,total(mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation |with predictions
R. ) Server (200nt window)
i,total(strongest cryptic (quantiﬁcation)
sites [if applicable])
Sankaran et al., ATAI NM_002049.3:¢.220G>C 11.9->7.0 Affected donor has 3.4% of its 3-5% exon retention in
1 2012! ¢ 48649736G>C o EoliERIe
& 7.3 (151nt upstr.) original strength homozygotes
184 > 0.3 Affected donor should be inactive ; Wildtype splicing not
4 ->-0.
Cavallari et al., NM 019616.2:¢.615+1G>T should increase skipping and/or detected. Cryptic site is used,
2 5 F7 ) o concordant
2012 g.113771190G>T 14.3 (30nt use of cryptic donor 30 nt but exon skipping occurs 5
downstr.) downstream of wildtype fold more often.
Due to the 4.1 bit decrease, splice o
Clavero et al., NM_000282.3:¢.1899+3del4 o 1-6.3% exon retention in
3 3 pccAa 17.8 ->13.7 donor has 5.8% of its original concordant
2004 2.101101562del4 ) - homozygotes
strength ; potential exon skipping
o Abundance of cryptic site
42->-29 Affected donor should be inactive ; ) ) .
NM_000532.4:¢.183+2T>C . : splice form is 9-18%
4 Clavero et al., PCCB should increase use of cryptic q L wild dant®
compared to control wildtype concordant
2004° £135969402T>C 4.0 (cryptic 20 nt donor 20 nt downstream of P P
) splicing; decrease likely due to
downstream) wildtype exon 1

NMD




18.9->16.4 Mutation weakens wildtype splice Wild lici discordant for
ildtype splicing not itation:
Clavero et al., ecs NM_000532.4:¢.653A>G form {0 17.7% of original stength; | dyp P f . quantitation;
o etected; cryptic splice site
2004° g.136002788A>G 13.6 > 16.8 6nt cryptic site strengthened to ) concordant for
' ' . use detected but not quantified mRNA
(cryptic 6nt near equivalent strength
structure
upstream.)
Predict abolish fspli 95% reducti Fwild discordant for
12.6 -> 0.9 redict abolishment of splice 5% reduction of wildtype o
Martinez et al., NSUN2 NM_017755.5:¢.538-1C>G acceptor ; should increase skipping | splicing; 70-80% reduction in quantitation;
20124 2.6622214G>C and/or use of cryptic donor 7 nt total NSUN2 mRNA; cryptic concordant for
9.8->11.5 . . mRNA
downstream of wildtype site use not detected
(7nt downstream) structure
Detect “over” 2-fold drop of
6.7->24
Chouery et al., NM _018965.2:¢.40+3delAGG Affected donor has 5.1% of its wildtype splicing in
s TREM?2 o o concordant
2008 2.41130776delCCT 5.0 (227 nt original strength heterozygote ; no cryptic site
intronic) use detected
26->-04 Normal splicing is weakened 8- 5 fold increase in skipping ;
Tanner et al., NM_000539.3:c.936G>A fold; potential skipping and cryptic 4nt upstream cryptic site is )
6 RHO g.129251615G>A : , o used (not directly quantified; concordant
2009 3.1 (13nt site use ; 4 nt upstream splice site
downstr.) detected (-1.8 -> 0.8; ranked 2") visually equivalent to
skipping)

Mutations which were annotated with quantifiable methods were directly compared with ASSEDA results to assess accuracy of predicted binding affinity
changes. While mRNA structure predictions were concordant, predicted levels of wildtype expression for mutations #5 and 6 were not accurate
(predicted to be abolished but remained active and vis versa). Mutations are given in both HGVS g. and c. format (c. format is mRNA dependent;
position 1 is the A of the start codon). “Relative abundance of cryptic isoform vs. exon skipping events cannot be inferred from these results. "Reduced
levels of cryptic splice form may be due to activation of nonsense mediated decay, since codon phase is shifted in the cryptic exon.
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Supplementary Table S4 -Analysis of published regulatory ESE/ISS mutations altering mRNA splicing by exon definition analysis

Ri,total (natural) ->

Ri,total (mutant)

Predicted Result of ASSEDA

Concordance

ID Publications Gene Mutation Published Interpretation
Server (200nt window) with predictions
Ri,total(other])
SF2/ASF (SRSF1)
Exon 7 of SMNT1 is predicted to be | Single nucleotide difference
Miyajima et al., SMN1/ NM_000344.3:¢.840C>T 16.4 ->10.7 5.7 bits stronger than SMN2 due to leads to increased exon -
concordant
1 2002 SMN2 g.70247773C>T (SMNI -> SMN2) | abolished SF2/ASF 6nt upstream skipping in SMN2 compared
of natural acceptor to SMN1; due to SF2/ASF site
ESE 61nt from natural donor is
) 9.7->5.4 ) ) Mutation affects SF2/ASF,
Heintz et al., NM _000277.1:¢.1144T>C abolished, decreasing R; ;o of )
2 ) PAH ] SRp20 and SRp40 sites concordant
2012 2.103237478T>C 33->1.6 natural exon by 4.3 bits (SRp40 ) o
] leading to exon skipping.
(SRp40) site also weakened).
G-allele weakens an SRp55
. site while strengthening an
6.0->11.6 SF2/ASF is strengthened, )
) ) SF2/ASF site. Increased exon
. NM_020761.2:c.1518A>G increasing natural exon strength by o )
3 Sun et al., 2009 RPTOR ) o skipping for G-allele is concordant
2.78854223A>G 5.6 bits. SRp5S site is weakened by ) i il
consistent with the possibilit
6.0->3.2 the same mutation. P Y
(SRp55) that SF2/ASF site may be
redundant.
Mutation increases exon 10
NM_000019.3:¢.951C>T ESE is abolished, decreasin
4 | Fukaoetal,2010* |  ACATI 112> 6.0 & skipping by mini-gene concordant

2.108014720C>T

natural site strength by 5.2 bits.

analysis.




No ESE (where R, > 0 bits) i SF2/ASF site required for
o) where R; > 1ts) 1s
Gongalves et al., APC NM_000038.5:¢c.1918C>G 109 > 10.9 fioted (0 b alterod b . exon 14 inclusion. Mutation tcond
2T : redicted to be altere mutation 1scordant
2009° g.112170822C>G P . . , Y . weakens ESE and leads to
with available weight matrices.
exon 14 skipping.
Burgess et al NM 004183 3:¢.704T>C SF2/ASF site is weakened, leading | Mutation weakens splicing in
2009 BESTI _g 61724926 T>C 18.6 ->14.3 to a 4.3 bit decrease in natural exon | ESE-dependant splice assay. concordant
Ri total- Increased exon skipping.
Burgess et al NM 004183 3:¢.707G>A No ESE (where R; > 0 bits) is Mutation weakens splicing in
2009° BESTI _g 61724929G>A 18.5->18.5 predicted to be altered by mutation | ESE-dependant splice assay. discordant
with available weight matrices. Increased exon 6 skipping.
SC35 (SRSF2)
o ) ) ) concordant for
Jensen et al NM 002433 4:¢.520A>G Weak SC35 site is abolished. No Mutation leads to increased SC35
° MOG - T } . . . .
20107 .29634012A>G 4.7->25 other changes in enhance.r/ exon 3 mclusmn,. su.ggest.mg (SRp55
repressor elements are predicted. created SRp5S site is active ]
discordant)
) ) ) Hybrid minigene assay shows
1. 2006" NM_004012.3:¢c.1405delTTCA SC35 is abolished, leading to a 6.1 o
Tran et al., 2006 DMD 14.5->8.9 complete exon 38 skipping in concordant
2.32366534delTTCA bit decrease in natural exon R; ]
presence of mutation




NM_000284.3:¢c.759+26G>A

10.0
(natural R 1)

Mutation strengthens SC35

downstream of exon 7, activating

Intronic mutation activates use

of cryptic donor by

10 | Gabutet al., 2005° | PDHAI ) ) ) ) ) o concordant
2.19373648G>A 113->135 cryptic donor, increasing cryptic strengthening of pre-existing
. exon splice form R; ;1 by 2.2 bits SC35 site
(Cryptlc Ri,total) P ol Y
5.6->3.1
(Rioa [SC35 Mutation decreases the strength of
Colapietro et al, NM _000267.2:¢.945GC>AA activated]) pre-existing SF2/ASF and 2 sites, Exonic mutation leads to
11 0 NF1 ) ) o concordant
2003 2.29527496GC>AA leading to a lowered R; o1y (3.8 and increased exon 7 skipping.
4.0->0.2
2.5 bits, respectively).
(Ritoral [SF2/ASF
activated])
R4 >84 Weak SRp40 site is predicted to be Increased exon 6 skipping ;
Raponi et al., NM 007300.2:¢.231G>T abolished by the mutation ; two Association with proteins
12 . BRCAI ) discordant
2011 g.41256955C>A 02> .44 weakened SRSF1 sites have R; <0 9G8, SC35, SF2/ASF, Tra2,
. . b
(SRp40 site) bits and are filtered out and hnRNP Al is altered

Published mutations known to affect mRNA splicing by altering either SF2/ASF or SC35 splice enhancer elements were analyzed using information

theory based exon definition analysis, with the appropriate ESE/ISS advanced option activated (must specify splice enhancer type to test). The AR; otal
values of mutations of the natural exon resulting from that mutation (as well as potential cryptic exons) are shown in the adjacent column. Interpretations
of mutant exons predicted by ASSEDA relative to the published results are also reported. Mutations are given in both HGVS g. and c. format (c. format is
mRNA dependent; position 1 is the A of the start codon). "Mutation causes conflicting changes to multiple ESE sites. Splicing effect must be determined
by experimentation. bMultiple SR proteins appear to be involved in the splicing of the exon the relative contributions of each as a result of mutation

cannot be differentiated by this analysis.
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Supplementary Table S5 — Analysis of Normally S

liced Large (> 1000 nt) Exons

Size Donor R; Acceptor R; . R total Highest Ranked Splice Form
Gene Exon (nt) (bits) (bits) Coordinates of exon (bits) (Rosssizefaltcrnate site)
BRCAI 11 3426 2.9 9.4 17:41243451-41246877 1.4 11.4 bits / 118 nt / donor
BRCA2 11 4932 7.7 9.3 13:32910401-32915333 6.1 11.0 bits / 169 nt / donor
TTN* 253 2967 5.7 10.2 2:179453266-179456230 5.0 14.6 bits / 91 nt / donor
JARID2 7 1039 7.0 8.6 6:15496362-15497401 4.7 11.9 bits / 76 nt / donor
KLHL31 2 1205 5.2 15.0 6:53518898-53520103 9.3 13.8 bits / 224 nt / donor
MLIP 4 1572 5.2 11.4 6: 54001512-54003084 5.7 12.5 bits / 155 nt / donor
Cl70rf53 3 1170 11.0 8.4 17:42225225-42226395 8.5 12.1 bits / 239 nt / acceptor
VCAN 8 5262 9.9 9.3 5:82832825-82838087 8.3 12.0 bits / 1750 nt / acceptor

Large exons (> 1000 nt) were analyzed using ASSEDA. All were found to have positive R values due to moderate to strong

natural site strengths. The right-most column lists the highest ranked prospective isoform predicted by ASSEDA, which are much

smaller (< 250 nt) and thus have a lower gap surprisal penalty. As each of these large exon sizes only occur in one exon in the

transcriptome, each splice form have the same maximum gap surprisal penalty of 10.9 bits. “Representative exon (1 of 5 possible).




Supplementary Methods 1 — Gap Surprisal Description

Gap Surprisal is the penalty given as per length of the exon. To correctly define the gap
surprisal for a combination of splice sites, a table was constructed which relates the gap surprisal
to the length of the exon. The whole genome was scanned and the frequencies of different
lengths of exons occurring in the genome and their respective probability of occurrence were
calculated.

According to Tribus (1961), the amount of self-information contained in a probabilistic
event depends only on the probability of that event: the smaller its probability, the larger the self-
information associated with receiving the information that the event indeed occurred. The self-
information or surprisal I(w,) associated with outcome ®, with probability P(w,) is:

I(wy) = log(1/P(wy)) = -log(P(wy))

Here, the base of the logarithm is not specified: if using base 2, the unit of I(®w,) is in bits.
The above definition is used to deduce gap surprisal function. The self-information or gap
surprisal, g(L,), of observing a pair donor and acceptor site separated by L nucleotides is -
log2(P(L,)) bits. The self-information or gap surprisal, g(L,), of observing a pair donor and
acceptor site separated by L nucleotides is -logx(P(L,)) bits. The gap surprisal is defined as
follows

Gap Surprisal = Log; (1/probability of occurrence the exon length).

This function signifies that the greater the distance between the donor and acceptor sites,
the larger the gap surprisal (greater penalty) will be, resulting in a biological reduction of larger
than consensus exon length occurrence. The gap Surprisal values for different exon lengths were
calculated using the above formula. The gap surprisal value for exon lengths that were not

Supplementary Figure 3 shows the distribution of gap surprisal for internal exons.



The most frequent length was assigned a gap surprisal of zero, based on the fact that
splice sites separated by this distance have a highest likelihood of forming an exon. This length
was 96 nucleotides [1901 occurrences among total 172250 occurrences]. The frequency for this
particular length 96 was: 1901/172250 = 0.011036. The gap surprisal for the most common, ie.
preferred, constitutive exon length is 6.59 bits. To normalize all other gap surprisal terms for all
other exon lengths to this value and eliminate the gap surprisal penalty for exons of 96
nucleotides, all of the penalties for all exon lengths were corrected by subtracting 6.59 bits from
their respective gap surprisal values.

Total information content of either the acceptor or donor or both was found to be less
than zero bits (most of these represent initial and terminal exons, as expected, since these do not
contain both donor and acceptor splice sites). To successfully recognize the initial and terminal
exons, a separate exon definition distribution was defined for these.

Gap Surprisals of First and Last Exons

As the exon definition hypothesis cannot be applied for first exon since no acceptor site is
defined; and for last exon since no donor site is defined, different gap surprisals were defined for
selection of these exons. Separate gap surprisal tables were constructed for these exons by
scanning refseq and identifying the frequencies of different lengths of first and last exons. It was
observed that most frequent length of the first exon was 46 nucleotides and that of last exon was
24 nucleotides. Hence the minimum gap surprisal (0 bits) was assigned to length of 158 for the

first exon and a length of 232 for the last exon.
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