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Abstract Information theory-based methods have been shown to be sensitive and specific for pre-
dicting and quantifying the effects of non-coding mutations in Mendelian diseases. We present the
Shannon pipeline software for genome-scale mutation analysis and provide evidence that the soft-
ware predicts variants affecting mRNA splicing. Individual information contents (in bits) of refer-
ence and variant splice sites are compared and significant differences are annotated and prioritized.
The software has been implemented for CLC-Bio Genomics platform. Annotation indicates the
context of novel mutations as well as common and rare SNPs with splicing effects. Potential natural
and cryptic mRNA splicing variants are identified, and null mutations are distinguished from leaky
mutations. Mutations and rare SNPs were predicted in genomes of three cancer cell lines (U20S,
U251 and A431), which were supported by expression analyses. After filtering, tractable numbers
of potentially deleterious variants are predicted by the software, suitable for further laboratory
investigation. In these cell lines, novel functional variants comprised 617 inactivating mutations,
1-5 leaky mutations and 6-13 cryptic splicing mutations. Predicted effects were validated by
RNA-seq analysis of the three aforementioned cancer cell lines, and expression microarray analysis
of SNPs in HapMap cell lines.
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requiring bioinformatic analysis has necessitated development
of high-performance software for genome scale assembly and
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particularly single nucleotide polymorphisms (SNPs), have
traditionally been interpreted in terms of amino acid modifica-
tions in coding regions. Clinically-significant non-coding vari-
ants are a relatively unexplored source of pathogenic
mutations and lack a general, high-throughput method to
interpret their effects. We present genome-scale software to
quantify the effect of mutations in the common classes of
splice donor (Ul) or acceptor (U2)-type sites in a high-
throughput manner. Mutations predicted with this method will
be useful for pinpointing potentially deleterious variants suit-
able for further laboratory investigation.

Clinical studies have deemed the vast majority of known
variants in patients with Mendelian disorders to be of uncer-
tain pathogenic significance (VUS) [2,3]. Cis mutations can af-
fect protein translation, mRNA processing and initiation of
transcription. In silico methods have been developed for the
first two of these cases (e.g., [4,5]), but have only been routinely
applied for protein coding changes in genome-scale applica-
tions (e.g., [6]). Many NGS studies classify mutations at only
the highly conserved dinucleotides within each splice junction
(e.g., [7]). Although more sensitive methods have been devel-
oped which assess other conserved sequence elements [8—12],
none have been scaled for the large numbers of variants gener-
ated by NGS and nor have they been validated for these data.
Exonic variants in close proximity to splice junctions but out-
side of this window may be classified as synonymous, missense
or nonsense substitutions, yet still have profound effects on
splicing, which may be the predominant contributor to the
phenotype. Unless multiple affected patients are reported with
the same mutation, the mutations are transmitted through
pedigrees, and functional assays verify their effects, these vari-
ants in patients are generally be classified as VUS. mRNA
splicing mutations are common in Mendelian diseases
[13,14], and it is likely that they contribute to many complex
disorders. Clearly, genome-scale predictive methods that filter
out benign or small changes in mRNA splicing due to sequence
variation will be essential for mutation discovery in exomes,
complete genomes and high-density targeted deep sequencing
projects. Examination of individual variants in the laboratory
with functional assays is both expensive and inefficient as
many variants are not likely to be deleterious, or differ signif-
icantly in their pathogenicity.

The Automated Splice Site Analysis (ASSA) [5] server eval-
uates single mutations that change splice site strength with
information theory-based models [15]. The average informa-
tion, Requence> Of a set of binding sites recognized by the same
protein (such as U1 or U2) describes the conservation of these
sequences. Sequences are ranked according to their individual
information content (R; in bits) [15-17]. Individual informa-
tion content is a portable, universal measure which allows di-
rect comparison of binding sites across the genome or
transcriptome, regardless of the sequence or protein recog-
nizer. Functional binding sites have R; > 0, corresponding to
AG < Okcal/mol [18]. Strong binding sites have R;>
Rgequences While weak sites have R < Rgequence- ANy sequence
variation may change its protein binding affinity, which is re-
flected by a change in the computed R; of that binding site.
A 1-bit change in information content (AR;) corresponds to
a >2-fold change in binding affinity (100/22%). The ASSA ser-
ver has been widely used and its sensitivity and specificity have
previously been extensively validated in hundreds of studies of
individual mutations (http://tinyurl.com/splice-server-cita-

tions). However, it requires approximately 30 s to examine a
single variant and is therefore not suitable for comprehensive
analysis of whole-genome sequencing data. The Shannon pipe-
line was developed using the same mathematical approach and
information weight matrices as ASSA to carry out batch infor-
mation theory-based analysis of thousands of mutations from
the BRCAI and BRCA2 genes in Breast Cancer Information
Core Database [19]. In the present study, the software has been
adapted to perform a single matrix algebraic calculation across
a genome with an efficient state machine that significantly in-
creased computational speed over ASSA. Here we describe this
software tool and analyze predicted mutations with RNA-seq
data from genomes of 3 cancer cell lines.

Results

Performance of the Shannon pipeline software

We implemented an efficient algorithm for high-throughput
detection and interpretation of mRNA splicing mutations
based on information theory-based position weight matrices
of a genome-wide set of curated splice donor and acceptor sites
[20]. The present study focuses on software performance, inter-
pretation of contextual changes identified from genomic anno-
tations and supported by genome-scale RNA-seq data. The
strategy underlying the Shannon splicing pipeline is to evaluate
many sequence changes by information analysis quickly; this is
followed by implementation of a set of heuristics based on
these results combined with genome annotations to distinguish
normal splice sites from those with diminished binding and
cryptic sites with competitive binding affinities.

To assess performance, all point mutations detected in the
complete genomes of the three cancer cell lines were analyzed
using the pipeline. Variants in the cell lines U20S (osteosar-
coma-derived), A431 (epidermoid squamous carcinoma-de-
rived) and U251 (glioblastoma-derived) were examined and
filtered to create tractable sets of variants. Predicted splice-
altering mutations not found in dbSNP135 (a list of ~54 mil-
lion known nucleotide polymorphisms) and those with less
than 1% average heterozygosity are reported (Tables S1-3).

The software processes single nucleotide variants (SNVs) to
identify and annotate putative splicing mutations with suffi-
cient speed to analyze single or multiple genomes within a
few hours. Analysis of all single nucleotide substitutions de-
tected in the genome of the U20S cell line — 211,049 variants
—is completed in 1 h 12 min on an I7-based CPU in either Li-
nux or Mac OSX. The speed of a genome analysis is dependent
on the number of chromosomes represented in the input data.
The state machine facilitates the analysis of all variants on a
single chromosome with the highest efficiency because genomic
data for each chromosome must be read and parsed. A com-
plete analysis of 300 variants on a single small chromosome
(e.g., chromosome 22) can be completed in 5 min. Variants dis-
tributed throughout all chromosomes require at least 1 h to
process. The Shannon pipeline should be executed on a ma-
chine with sufficient RAM to store the entire human genome
(=4 Gb). When all chromosomes are represented, increasing
the number of mutations results in an approximately linear in-
crease in actual computation time, after accounting for the
overhead required for memory management of genome se-
quences and annotations. For example, 2 h 35 min is required
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