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Systematic Computational Identification of Variants
That Activate Exonic and Intronic Cryptic Splice Sites

Melissa Lee,1 Patrick Roos,2 Neeraj Sharma,1 Melis Atalar,1 Taylor A. Evans,1 Matthew J. Pellicore,1

Emily Davis,1 Anh-Thu N. Lam,1 Susan E. Stanley,3 Sara E. Khalil,3 George M. Solomon,4 Doug Walker,5

Karen S. Raraigh,1 Briana Vecchio-Pagan,1 Mary Armanios,1,3 and Garry R. Cutting1,*

We developed a variant-annotationmethod that combines sequence-basedmachine-learning classificationwith a context-dependent al-

gorithmfor selecting splicevariants.Ourapproach is distinctive in that it compares the splicepotential of a sequencebearingavariantwith

the splice potential of the reference sequence. After training, classification accurately identified168of 180 (93.3%) canonical splice sites of

five genes. The combined method, CryptSplice, identified and correctly predicted the effect of 18 of 21 (86%) known splice-altering var-

iants inCFTR, awell-studied genewhose loss-of-function variants cause cystic fibrosis (CF). Among1,423unannotatedCFTRdisease-asso-

ciated variants, the method identified 32 potential exonic cryptic splice variants, two of which were experimentally evaluated and

confirmed. After completeCFTR sequencing, themethod found three cryptic intronic splice variants (one knownand two experimentally

verified) that completed themolecular diagnosis of CF in 6 of 14 individuals. CryptSplice interrogation of sequence data from six individ-

uals with X-linked dyskeratosis congenita caused by an unknown disease-causing variant in DKC1 identified two splice-altering variants

thatwere experimentally verified. To assess the extent towhichdisease-associated variantsmight activate cryptic splicing,we selected 458

pathogenic variants and348 variants of uncertain significance (VUSs) classifiedas high confidence fromClinVar. Splice-site activationwas

predicted for 129 (28%)of thepathogenicvariants and75 (22%)of theVUSs.Ourfindings suggest that cryptic splice-site activation ismore

common than previously thought and should be routinely considered for all variants within the transcribed regions of genes.
Introduction

Next-generation sequencing has enabled the detection of

vast numbers of variants in the coding and non-coding re-

gions of genes. Variants that have a deleterious effect on

pre-mRNA splicing are thought to be limited primarily to

the canonical splice sites. Exonic variants outside of the ca-

nonical splice sites are generally considered to affect RNA

processing by disrupting splice enhancers and thereby

causing a significant reduction in the spliceosomal recog-

nition of the canonical splice sequence.1 However, exonic

variants can also activate cryptic splice sites, leading

to aberrant pre-mRNA splicing and loss of coding

sequence.2 Such examples are sparse in the literature,

and thus the frequency of exonic cryptic splicing is un-

known. It has long been suspected, but not systematically

shown, that variants that activate splice sites have

been masquerading as exonic protein-altering variants or

‘‘benign’’ synonymous variants, leading to an under-appre-

ciation of the frequency of this pathologic mechanism.3–5

Identifying whether exonic variation affects RNA rather

than protein processing is vital as genetic medicine seeks

to deploy personalized initiatives such as drug therapies

aimed at addressing specific disease mechanisms.

By the same token, intronic variants outside of canonical

splice sites can affect RNA processing by activating splice

sites. Detection of intronic cryptic splice variants is

challenging because the genomic space is much larger
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and there is far less evolutionary constraint, resulting

in a higher degree of variation. Although diagnostic

sequencing rarely interrogates complete introns, aberrant

splicing due to deep intronic cryptic splice variants is often

discovered in the analysis of RNA transcripts from individ-

uals with unidentified disease-causing variants.6–9 Deep in-

tronic cryptic splice activation is considered a rare and

exotic event, and the true frequency remains unknown.

Given the higher number of variants in introns than in

exons and the flexibility of splice sequences, it is possible

that intronic variants could often activate cryptic splice

sites. Indeed, case studies of deep intronic cryptic splice

activation events have shown that a single-nucleotide sub-

stitution is sufficient to cause severe disease and that these

variants do not always create novel GT or AG dinucleo-

tides; usually, they occur near existing GT or AG dinucleo-

tides.10,11 These examples suggest that disease-associated

variants in deep introns could be as culpable as those in

exons and should be given similar scrutiny. Identifying

the frequency of deep intronic cryptic splice events and

the number of exonic variants that alter splicing is vital

to the completion of Mendelian genotypes and our under-

standing of the molecular mechanisms of disease.
Material and Methods

The computational methods described here consist of two parts:

the classification of splice sequences and the selection of splice
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variants. The foundation of classification is the application of pre-

dictive models trained on data from splice donors and acceptor se-

quences. Selection uses the predictions provided by the classifier

models to compare the splice potentials of candidate splice variant

sequences with the splice potentials of the reference sequences.

Filtering by location during selection removes unlikely candidates

and generates the final ‘‘high-confidence’’ candidate splice vari-

ants. Software and documentation for downloading, implement-

ing, and modifying CryptSplice are publically available.
Classifying Splice Sequences
Training Data

Splice sequences from NN26912 and HS3D13 were utilized as

training data. The NN269 and HS3D datasets contain ‘‘true’’ donor

and acceptor sequences curated from GenBank genes annotated

for canonical splice sites. Although a very small fraction of canon-

ical donor sites utilize a GC consensus dinucleotide in lieu of

GT,14,15 the number was sufficiently small that considering

GT-containing donors was determined to best enrich for good

splice donor candidates. ‘‘False’’ sequences in the training data

are sequences with GT or AG dinucleotides at least 60 bp away

from canonical splice sites and shown to not be recognized by

the spliceosome. Donor sequences extend from seven nucleotides

upstream of GT (�7) to six nucleotides downstream of GT (þ6).

Acceptor sequences extend from 68 nucleotides upstream of AG

(�68) to 20 nucleotides downstream of AG (þ20). 1,116 true do-

nors from NN269 and 2,796 true donors from HS3D were com-

bined into a single training data set of true donors. 1,116 true

acceptors from NN269 and 2,880 true acceptors from HS3D were

combined into a single training data set of true acceptors. False se-

quences were randomly and proportionally selected from NN269

and HS3D to match the number of true sequences.

Features

Features were based upon previously published features16 and were

chosenbecause of the comprehensiveness of the sequence informa-

tion captured. Tables of statistical difference were not utilized for

reducing bias and were substituted with binary coding of a feature

present in the input. There were three types of features. In brief,

the ‘‘component’’ feature separates splice sequences into left and

right segments at the consensus dinucleotide and calculates the

probability that a sequence substring will occur in the left and right

segments. Probabilities for all possible sequence substrings up to a

length of five nucleotides were calculated. Second, the ‘‘position’’

(pos) feature describes whether a given nucleotide exists at a given

position across the length of the splice sequence. Third, the ‘‘adja-

cent position relationship’’ (apr) feature describes whether a given

dinucleotide exists at a given position across the length of the splice

sequence. Feature data were extracted by custom Python scripts.

Model Selection

Support vector machine (SVM) models were trained with custom

scripts employing the Python scikit learn machine-learning li-

brary.17 Feature data were transformed with linear and radial basis

function (RBF) kernels for determining whether reduction in data

complexity was required for better model performance. Classifier

models were trained with 10-fold cross-validation in which the

training data were randomly split into ten equal pieces. Classifiers

were trained on nine pieces and tested on the unseen tenth piece.

This process was repeated ten times and averaged for determining

model generalizability as measured by a distribution of accuracies.

Classifiers were designed to provide probability estimates in addi-

tion to the typical binary classification of true or false. Probability
752 The American Journal of Human Genetics 100, 751–765, May 4,
estimates can be considered the splice potential of a sequence,

where 1 reflects a perfect splice site and 0 indicates a sequence

that does not resemble a splice site at all. Classifier models trained

with RBF-transformed data had the best accuracies and were uti-

lized in all further applications.

Creating Candidate Sequences

Candidate splice sequences were created from variants of interest

and the surrounding NCBI RefSeq gene reference sequence with

a custom Python script. For each gene, the first transcript listed

by the Variant Effect Predictor was used.18 To standardize the

numbering, we assigned the last nucleotide of the intron a 0 and

the last nucleotide of the exon a 0. Variants of interest were able

to generate candidate splice sequences if they fulfilled one of

two criteria: (1) the variant occurred within�3 toþ5 of an existing

GT dinucleotide or within �22 to þ1 of an existing AG dinucleo-

tide, or (2) the variant created a GTor AG dinucleotide. If either or

both criteria were satisfied, sequences were extracted within �7

to þ6 of GT dinucleotides and/or within �68 to þ20 of AG dinu-

cleotides. In order to provide a contextual comparison for the

change in a sequence’s splice potential when a variant was intro-

duced, we subjected reference gene sequences to classification as

well. Sequences were extracted within �7 to þ6 of all GT dinucle-

otides and within �68 to þ20 of all AG dinucleotides throughout

the full reference sequences for all genes in this study.

Evaluating Candidate Sequences

All candidate splice sequences and reference sequences were sub-

jected to classification utilizing the best-performing models as

determined by the highest accuracies after training. Candidate se-

quences were given a binary classification of true or false and a

probability estimate from 0 to 1.
Selecting Splice Variants
A selection algorithm to identify high-confidence candidate splice

variants was developed to compare the splice potentials of variant

sequences (P(var)) with those of the reference sequence (P(ref))

and the canonical splice site (P(canon)). A variant can cause aber-

rant splicing in three location scenarios, and two metrics were uti-

lized for testing variants in these scenarios:

Dcanon is the splice potential of the canonical sequence

P(canon) subtracted from the splice potential of the variant

splice site P(var). Positive values indicate that the variant

sequence has a greater splice potential than the canonical

splice site. Negative values indicate that the variant sequence

has a weaker splice potential than the canonical splice site.

We tested multiple thresholds of Dcanon to see which captured

all instances in a true set of known CFTR (MIM: 602421;

GenBank: NM_000492.3) splice variants, leading us to set the

default minimum threshold for this metric to j0.05j.
Dvariant is the splice potential of the reference sequence P(ref)

subtracted from the splice potential of the variant sequence

P(var). Positivevalues indicate an increase in the splicepotential

as a variant is introduced, and negative values indicate a weak-

ening of the sequence’s splice potential. This metric can be

calculated only for variants that do not create a GT or AG dinu-

cleotide. (A variant that creates a GTor AG dinucleotide cannot

be comparedwith the reference sequence because the GTor AG

dinucleotide does not exist in the reference.)We testedmultiple

thresholdsofDvariant to seewhichcapturedall instances in a true

set of known CFTR splice variants, leading us to set the default

minimum threshold for this metric to j0.05j.
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Scenario 1: Weakening of a Canonical Splice Site

Candidate variant sequences qualified for this scenario if P(var) %

0.85 and the variant occurred within �3 to þ5 of a canonical

splice donor or within �22 to þ1 of a canonical splice acceptor.

The Dcanon had to be%�0.05 to sufficiently weaken the canonical

splice site in a biologically meaningful way, as determined by

application to a true set of variants known to weaken CFTR canon-

ical splice sites. Variants that altered the canonical AG or GT dinu-

cleotides of the splice sequences were not analyzed because they

are known to cause loss of splicing.19

Scenario 2: Cryptic Splice Activation That Outcompetes a Nearby

Canonical Splice Site

Candidate variant sequences qualified for this scenario if P(var)

for candidate donors was R0.7 or if P(var) for candidate acceptors

was R0.6. These thresholds were set according to the minimum

probability assigned to known canonical splice sites. The variant

had to occur within 60 bp of a canonical splice site of the same pre-

dicted effect (i.e., cryptic donors near canonical donors) and, if

applicable, have a Dvariant R þ0.05. To distinguish variants that

activated splicing from those that cause loss of splicing, we

excluded nucleotides at positions �3 to 0 in acceptors and �1

to þ2 in donors from the analysis. If a Dvariant could not be calcu-

lated because a novel GT or AG dinucleotide had been created by

the variant, Dcanon was calculated for the variant sequence. On the

basis of a true set of variants known to activate cryptic sites that

outcompete the canonical, in this scenario P(canon) was reduced

by 0.1 to capture true examples. After this adjustment, the candi-

date variant sequence had to have a Dcanon R þ0.05.

Scenario 3: Deep Intronic Cryptic Splice Activation

Candidate variant sequences qualified for this scenario if P(var)

for candidate donors was R0.7 or if P(var) for candidate acceptors

was R0.6. These thresholds were set according to the minimum

probability assigned to known canonical splice sites. The variant

sequence had to occur at least 100 bp into the intron and, if

applicable, have Dvariant R þ0.05. If a Dvariant could not be calcu-

lated because a novel GT or AG dinucleotide was created by the

variant, the variant sequence was flagged if the first two criteria

were satisfied (P(var) R 0.7 [donors] or R 0.6 [acceptors]).
Sequencing the Full CFTR Locus in Individuals with Cystic

Fibrosis and One Known Disease-Causing Variant
Genomic DNA was extracted from whole blood according to a

standard phenol-chloroform protocol. A custom-designed Agilent

SureSelect capture was used to pull down the 215 kb region con-

taining and surrounding CFTR in each sample. Samples were run

on an Illumina HiSeq 2500. A custom-designed next-generation

sequencing data-processing pipeline was used to align reads and

call variants in all samples. This pipeline included alignment by

the Burrows-Wheeler Aligner, duplicate removal by Picard, local

realignment by the Genome Analysis Toolkit, and variant calling

by four additional software programs. The intersection or merging

of select variant callers was used for downstream analysis. Addi-

tionally, large indels and copy-number variants were called by

three algorithms but primarily relied upon Conifer calls.
Introduction of Variants to Expression Minigenes
Expression minigenes were developed as described previously.20

Candidate splice variants were introduced into wild-type (WT)

expression minigenes by site-directed mutagenesis (SDM) using

oligonucleotides with the candidate splice variant and flanking

20 nt sequences identical to the region of interest. SDM reactions
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were performed in triplicate, pooled, and digested with Dpn1 for

the removal of plasmid template. Purified SDM products were

transformed with XL10 Gold supercompetent cells and clonally

expanded overnight at 37�C with shaking in LB broth with ampi-

cillin. DNA was extracted by MiniPrep, and mutagenesis was

confirmed by Sanger sequencing.
Transient Transfection of HEK293 Cells with Expression

Minigenes
4 mg of expression minigene plasmid was diluted in 250 mL of

OptiMEM and combined with 7 mL of Lipofectamine 2000 (Invi-

trogen) diluted in 250 mL of OptiMEM. The Lipofectamine 2000

complexes were added to 6-well plates containing confluent

HEK293 cells that had been grown in antibiotic-free media for

24 hr before transfection. 1 mL of antibiotic-free media was added

to cultures 4 hr after transfection. Media were changed with anti-

biotic-free media 24 hr after transfection. Cells were lysed for anal-

ysis of protein and mRNA transcripts 48 hr after transfection.
Analysis of mRNA Transcripts and Protein from

Transiently Transfected HEK293 Cells
Cells were washed twice with 13 PBS 48 hr after transfection. A

standard RNA extraction procedure using TRIzol and chloroform

was performed. RNA was prepared in a DNA-free bench with dedi-

cated plasticware and pipets. RNA preparations were treated with

DNase, and RT-PCR was immediately performed after RNA extrac-

tion. PCR of HEK-derived cDNAs was performed with primers

lying in the exons, and aberrant splice products were visualized

by gel electrophoresis. DNA fragments of interest were extracted

and purified and verified by Sanger sequencing.

For protein analysis, cells were washed twice with 13 PBS 48 hr

after transfection and lysed with 250 mL of RIPA buffer containing

protease inhibitors and PMSF. Cell lysates were incubated on ice

for 30 min and vortexed for 20 s every 10 min. Cell lysates were

spun at 4�C for 15min, and the supernatant was retained for west-

ern blotting. Loading samples were then prepared. For clear visual-

ization of CFTR, the loading sample contained aminimumof 40 mg

total protein. The amount of protein lysate required for 40 mg of to-

tal proteinwas calculatedwith the total proteinconcentrationspre-

viously determined by bicinchoninic acid assay. The volume of in-

dividual protein lysates, in combination with 13 PBS, accounted

for three-quarters of each total sample volume. The remaining

one-quarter of the total sample volumewas a dye solution contain-

ing a 1:5 dilution of DTT to 43 Laemmli buffer. After being pre-

pared, the loading samples were further denatured by incubation

at 37�C for 15 min. Samples were loaded into a 7.5% Tris-HCL,

1.0 mm Criterion Precast Gel (Bio-Rad) and run with 13 running

buffer prepared in house. The samples were bookended with All-

Blue Precision Protein Standard Ladder (Bio-Rad) for protein-size

comparison. Samples were run at 150 V for 2 hr. The gel was trans-

ferred to apolyvinylidenedifluoridemembranewith theTrans-Blot

Turbo Transfer System at 2.5 A and 25V for 10min. Themembrane

was blocked for 1 hr in a 5% blocking solution of non-fat dry milk

reconstituted in 13 PBS containing 0.1% Tween-20 (PBST). The

membrane was washed in PBST and then incubated for 1 hr with

primary anti-CFTR m570 or m596 antibody diluted at 1:5,000.

Themembranewas washed again with PBST for 30min. Themem-

brane was then incubated for 1 hr with an anti-mouse secondary

antibody (GE Healthcare) diluted at 1:150,000. The secondary

anti-mouse antibodywas removed, and themembranewaswashed

thoroughly with PBST for 45 min before imaging.
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Analysis of mRNA Transcripts from Individuals with

Cystic Fibrosis
Human nasal epithelial (HNE) cells were collected with a nasal

cytology brush, which brushed the inferior surface of the inferior

nasal turbinate of each nostril from each individual as previously

described.21,22 HNE cells were collected under institutional review

board (IRB) approval from Johns Hopkins University (IRB no. NA

00029159) and the University of Alabama at Birmingham (IRB no.

F090916001). Written informed consent was obtained for all

subjects. RNA was extracted from HNE cells with the QIAGEN

RNeasyPlus Mini Kit according to the manufacturer’s protocol.

RNA was eluted in 30 mL RNase-free water. The quantity and qual-

ity of RNA were determined by OD260 and OD260/OD280,

respectively, with NanoDrop ND-1000.

RT-PCR was performed with the Bio-Rad iScript kit and 250 ng

of RNA. cDNA was amplified with CFTR-specific primers—the for-

ward primers were fluorescently labeled with 6-FAM (carboxy-

fluorescein) at the 5’ end. The RT-PCR products (2 mL, 100-fold

dilution) were mixed with 18 mL of Hi-Di Formamide (Applied Bio-

systems) and 0.25 mL of an internal size standard (GeneScan-500

Rox, Applied Biosystems). Products were separated by capillary

electrophoreses on an ABI3100 Genetic Analyser with POP4

polymer (Applied Biosystems) and analyzed with GeneMapper

Software v.3.7 (Applied Biosystems) at the Genetic Resource Core

Facility of the Johns Hopkins University School of Medicine. Addi-

tionally, pyrosequencing was used for determining the percentage

of the aberrantly spliced isoform as described previously. The RT-

PCR products were obtained with biotin-labeled reverse primers.

The products were sequenced according to the protocol of the

PyroMark Q24 system (QIAGEN) with 0.4 mM of specific pyrose-

quencing primers, and pyrograms were analyzed with PyroMark

Q24 v.2.0.6 (QIAGEN) at the Genetic Resource Core Facility of

the Johns Hopkins University School of Medicine.

Analysis of mRNA Transcripts from Individuals with

Dyskeratosis Congenita
Lymphocytes fromwholebloodwereused to establish lymphoblas-

toid cell lines as previously described.23 RNA from lymphoblastoid

cell lines was isolatedwith the QIAGEN RNeasyMini Kit according

to the manufacturer’s protocol. Reverse transcription was per-

formed with the Invitrogen SuperScript First Strand Synthesis Sys-

tem, and the resulting cDNA was amplified with primers lying in

distant exons. Products were separated, extracted, and purified

by gel electrophoresis and cloned with the Thermo Fisher TOPO

Cloning Kit. DNA isolated from clones was subjected to Sanger

sequencing for verification of aberrantly spliced transcripts.

All genomic coordinates correspond to UCSC Genome Browser

build hg19, and all CFTR variants and exons are identified by

HGVS nomenclature and not with legacy names unless otherwise

indicated.
Results

Training and Classification of Candidate Splice Donor

and Acceptor Sequences

The foundation of our method was applying machine-

learning models to agnostically evaluate the splicing

potential of sequence surrounding any variant if the

sequence contained a GT or AG dinucleotide. SVM donor

and acceptor classifier models were trained with canonical
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‘‘true’’ and ‘‘false’’ splice sequences from annotated gene se-

quences in GenBank and NCBI.12,13 Classifier models were

trained on feature data that reflected the essential distin-

guishing characteristics of a genuine splice sequence;

therefore, feature data were entirely sequence based and

included nucleotide content and substring frequency16

(see Material and Methods). Classifier models were inter-

nally validated by 10-fold cross-validation, and the high-

est-performing models were selected for classification of

candidate splice sequences. Classifier models provide a bi-

nary classification (true or false) and a probability estimate

from 0 to 1. Probability estimates can be considered ap-

proximations of a sequence’s splice potential, where a

sequence with a score of 1 has a very high likelihood of be-

ing recognized by the spliceosome.

To predict the impact of a variant on the splice potential

of a given sequence, we introduced variants into NCBI

reference gene sequences to create candidate splice se-

quences for classification. Variants created candidate splice

sequences if they satisfied these criteria: (1) the variant

created a novel GT or AG or occurred within �3 to þ5 of

an existing GT (in relation to the last nucleotide of the

exon, which was assigned a 0) and/or within �22 to þ1

of an existing AG (in relation to the last nucleotide of

the intron, which was assigned a 0), and (2) the variant

did not occur outside the exons and introns of the gene

of interest (i.e., in the UTRs) (Figure 1A). If these criteria

were met, sequence windows were extracted within �7

to þ6 of the GT dinucleotide and/or within �68 to þ20

of the AG dinucleotide. These larger window sizes

were chosen to maximize the inclusion of variants likely

to affect splicing according to numerous splice-site

studies.24 Variants often occurred in sufficient proximity

to multiple GT or AG dinucleotides to result in multiple

overlapping sequences. Thus, multiple candidate splice

sequences were assessed for some variants.

A unique feature of our method is the context-depen-

dent determination of how a variant alters the splice po-

tential of its native context. The genome is littered with

many sequences with high splice potential even in the

absence of variation, in some cases because of the inactiva-

tion of ancient exons over evolutionary time.25–27 These

cryptic splice sites are especially vulnerable to activation

and could have deleterious consequences if they occur

within sufficient proximity to canonical splice sites or

other latent deep intronic splice sites (to allow the forma-

tion of a pseudoexon). The accurate identification of

cryptic splice sites therefore requires comparison of the

splice potential of the variant splice sequence and the

splice potential of the reference sequence. To assess

the splice potential of native reference sequences, we also

subjected full reference gene sequences to classification.

Using Canonical Splice Sites to Validate Splice Sequence

Classifier Models

To evaluate the sensitivity of the classifier models, we

classified the entire gene sequences for five genes with
2017
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Figure 1. Overview of Splice Sequence Classification and Selection of High-Confidence Candidate Splice Variants
(A) Variants (black triangles) were chosen for splice-sequence classification if they either create a GT or AG dinucleotide or occur within
the specified ranges of an existing GT or AG dinucleotide. Candidate splice sequences containing chosen variants are indicated by the
blue rectangles, and candidate variants are represented by red triangles or, in the event that the variant creates a GT or AG dinucleotide,
red text. Candidate splice sequences were subjected to classification and were given binary classifications (true or false) and probability
estimates of splice potential (P(var) for variant sequences).
(B) To determine which variants were likely to weaken the canonical splice site (left), activate a cryptic splice site that could outcompete
the canonical (center), or activate a cryptic splice site in the deep intron (right), we employed a custom algorithm that utilizes variant
distance from canonical splice sites (black rectangles) and changes in splice potential (Dvariant and Dcanon) to select high-confidence
candidate splice sequences (blue rectangles). See Material and Methods for more information.
well-established exon-intron junctions and splicing pat-

terns: BRCA2 (GenBank: NM_000059.3; MIM: 600185),

CFTR (GenBank: NM_000492.3; MIM: 602421), DKC1

(GenBank: NM__001142463.1; MIM: 300126), HEXB

(GenBank: NM_000521.3; MIM: 606873), and LMNA
The Ame
(GenBank: NM_170707.3; MIM: 150330). 88 of 90

(97.8% sensitivity) canonical donors across these five

genes were accurately given a ‘‘true’’ classification, and 80

of 90 (88.9% sensitivity) canonical acceptors were accu-

rately given a ‘‘true’’ classification. The combined
rican Journal of Human Genetics 100, 751–765, May 4, 2017 755



sensitivity of the donor and acceptor classifier models was

93.3%. An evaluation of the specificity was not possible

given the difficulty in ascertaining ‘‘true negative’’ splice

variants. We used the probability estimates of these 90

canonical splice sites to set the minimum thresholds for

the P(var) of selected candidate variant sequences as

described above (i.e., canonical donors had probabilities

over 0.7, and canonical acceptors had probabilities over

0.6; see Material and Methods).

Selection of High-Confidence Splice Variants

The premise of this work was that variants could activate or

inactivate splice sites; therefore, any method that accu-

rately detects cryptic splice activation should also be able

to detect the disruption of canonical splicing. We designed

a selection algorithm to assess each variant for its possible

effect on splicing by comparing the splice probabilities of

candidate splice sequences bearing variants of interest

(P(var)) with the splice probabilities of reference sequences

(P(ref)) and/or nearby canonical splice sites (P(canon))

(Figure 1B). The Dcanon metric is defined as the splice po-

tential of the variant sequence (P(var)) minus the splice po-

tential of the canonical site (P(canon)). The Dvariant metric

is defined as the splice potential of the variant sequence

(P(var)) minus the splice potential of the reference

sequence (P(ref)). (Dvariant cannot be calculated for variants

that create GT or AG dinucleotides given that the corre-

sponding reference sequences lack the necessary GT or

AG dinucleotide.) The thresholds for Dcanon and Dvariant

were established with known standards in variant annota-

tion and calling (i.e., true sets) of canonical splice se-

quences and known splice variants (see Material and

Methods). The Dcanon and Dvariant metrics enabled the se-

lection of high-confidence splice variants on the basis of

three possible scenarios of aberrant splicing: (1) weakening

of the canonical splice site (Figure 1B, left), (2) activation of

a cryptic splice site that outcompetes the canonical splice

site (Figure 1B, center), and (3) activation of a deep intronic

cryptic splice site and subsequent pseudoexon inclusion

(Figure 1B, right).

Validation of the Context-Specific Selection Algorithm

on Known CFTR Splice-Altering Variants

The sensitivity of the splice-variant selection algorithm

was tested with 21 CFTR splice-altering variants manually

curated from the literature, none of which alter a GTor AG

dinucleotide10,20,28–31 (also see the CFTR2 database in the

Web Resources; the list is available upon request). 8 of

the 21 CFTR splice-altering variants cause cryptic splice-

site activation either in the deep intron or near enough

to a canonical splice site to outcompete it. The remaining

13 known CFTR splice-altering variants weaken the canon-

ical splice sites in which they occur. All but 3 of the 21

known splice variants were correctly predicted to alter

splicing by their previously reported mechanisms with

default thresholds set to Dvariant ¼ 0.05 and Dcanon ¼
0.05. Two variants were classified by the predictive model
756 The American Journal of Human Genetics 100, 751–765, May 4,
to allow splicing because they generated high probability

estimates: c.2988G>A (rs121908797, P(var) ¼ 0.889) and

c.1766þ3A>G (rs397508298, P(var) ¼ 0.940); however,

in vitro experimental studies indicate that these variants

disrupt splicing.20,31 Upon further inspection, it became

apparent that the P(var) values for the candidate splice

sequences with either c.2988G>A or c.1766þ3A>G were

statistical outliers (R3 SD above the mean [0.263 5

0.313]) in the distribution of P(var) for variants reported

to abolish CFTR canonical splice sites. The third variant,

c.2816A>G (rs397508440), was excluded during splice-

variant selection because of the specification that cryptic

splice sites that outcompete the canonical splice site lie

within 60 bp of the canonical splice site. This 60 bp

threshold was established because exonic cryptic splice

sites are unlikely to be utilized if the remaining exon is

of insufficient length.32 c.2816A>G activates a cryptic

donor that outcompetes the canonical splice site (see

experimental data below) but is 97 bp upstream of the ca-

nonical donor. The selection algorithm had a sensitivity of

85.7% in this validation exercise. Most importantly, the 18

selected known splice variants were assigned the correct

mechanism by which they altered splicing according to

previous reports (i.e., c.3700A>G activates an exonic

cryptic site2).

Evaluation of CFTR Variants Associated with Cystic

Fibrosis for Their Effect on Pre-mRNA Splicing

To test the ability of CryptSplice to identify splice variants,

we evaluated CFTR variants that had been detected in indi-

viduals with cystic fibrosis (CF [MIM: 219700]). 1,477 var-

iants were obtained from the CFTR2 database, an extensive

catalog of CFTR variants.33 After the removal of variants

with nonstandard HGVS cDNA nomenclature, variants in

the promoter and UTRs, and variants with indeterminate

breakpoints, 1,423 variants from the CFTR2 database re-

mained for evaluation. 308 of the 1,423 variants either

created a GT or AG dinucleotide or occurred within suffi-

cient proximity of an existing GT or AG dinucleotide to

create 3,315 potential donor and acceptor sequences. 98

of the 308 (31.8%) donor and acceptor variants were

selected as candidates for altering native splice patterns

(Figure 2 and Table S1; see Material and Methods for

criteria). All candidate variants were assessed for the

manner in which they were predicted to disrupt RNA

processing, as well as the predicted protein impact.

32 (32.7%) of the 98 selected variants were predicted to

activate cryptic splice sites that would either outcompete

a nearby canonical splice site (29 selected variants) or

lead to pseudoexon inclusion (three selected variants).

5 of the 32 cryptic splice variants were predicted to

weaken the canonical acceptor while simultaneously

activating a cryptic acceptor. Two of these five variants

(c.1585�8G>A [rs193922503] and c.1585�9T>A

[rs397508234]) have been previously reported to activate

cryptic acceptors that outcompete the canonical

acceptor.20 Notably, 33 (70%) of the 47 selected exonic
2017



selection of candidate splice donor variants

24 intronic variants 31 exonic variants

153 candidate splice donor variants

55 variants

20 weaken
canonical

donor

1 outcompetes
canonical

donor

24 weaken
canonical donor

7 outcompete
canonical donor

19
missense

1
nonsense

4
synonymous

5
missense

2
synonymous

9 weaken
canonical acceptor

7 outcompete
canonical acceptor

selection of candidate splice acceptor variants

27 intronic variants 16 exonic variants

155 candidate splice acceptor variants

43 variants

13 weaken
canonical
acceptor

9 outcompete
canonical
acceptor

6
missense

3
nonsense

5 weaken
and outcompete

canonical
acceptor

3 activate
deep intronic
pseudoexon

3
missense

4
nonsense

identify variants which create GT or exist -3, +5 of GT identify variants which create AG or exist -22, +1 of AG

1423 CF-associated SNVs from the CFTR2 database 

Figure 2. Selection of High-Confidence Candidate Splice Variants from the CFTR2 Database
Out of 1,477 variants in the CFTR2 database, 1,423 had standard HGVS cDNA nomenclature, were not in the promoter or UTRs, and did
not have indeterminate breakpoints and were thus subjected to splice-sequence classification and splice-variant selection as described in
Figure 1. Of 153 candidate splice donor variants (left), 55 were selected as high-confidence candidates. Of 155 candidate splice acceptor
variants (right), 43 were selected as high-confidence candidates.
variants were predicted to be ‘‘missense’’ variants, suggest-

ing that a significant portion of variants with a high likeli-

hood of causing aberrant splicing could be mistaken as

protein altering.

Experimental Evaluation of Predicted Exonic Cryptic

Splice Variants in CFTR

Two of the missense exonic variants predicted to activate

cryptic splice sites were selected for in vitro investigation

with expressionminigenes. Expressionminigenes contain-

ing multiple entire or abridged introns and the entire cod-

ing region of CFTR enable simultaneous analysis of the

consequence of variants upon pre-mRNA splicing and pro-

tein translation in a near-native context.1,20 c.454A>G

(p.Met152Val) (rs397508721) was predicted to create a

novel GT dinucleotide and thus activate an exon 4 cryptic

donor (P(var) ¼ 0.996) that could outcompete the canoni-

cal donor (Dcanon ¼ þ0.162) and result in a 36 bp in-frame

deletion (p.Met152_Lys163del) (Figure 3A, top). To test

this prediction, we introduced c.454A>G into exon 4 of

a CFTR expression minigene with sequences from flanking

introns (2–5). RNA extracted fromHEK293 cells transiently

transfected with the resulting expression minigene was

reverse transcribed and amplified by PCR (RT-PCR). Sanger

sequencing of this cDNA confirmed the predicted 36 bp

deletion (Figure 3A, middle). Mature protein was gener-

ated by the WT CFTR expression minigene i2_i5

(Figure 3A, bottom, lane 5) but not in the presence of

c.454A>G (lane 6). A faint signal corresponding to the

molecular mass of immature CFTR was observed, consis-

tent with the presence of incompletely glycosylated

protein misfolded because of an in-frame deletion of 12

amino acids. To demonstrate the importance of studying

variants in a near native context including relevant in-

trons, we introduced c.454A>G into a plasmid bearing

CFTR cDNA and no introns. Western blotting showed
The Ame
mature, properly folded protein similar to that seen in

WT controls (Figure 3A, bottom, lane 3). The observation

of stable and normally processed CFTR is consistent

with the in silico prediction that c.454A>G leads to a

benign amino acid substitution (Met to Val) by PolyPhen

and SIFT.

The second missense variant studied, c.2816A>G

(p.His939Arg) (rs397508440), occurs in the þ3 position

downstream of an existing GT in the middle of exon

17. c.2816A>G was predicted to activate a cryptic donor

(Dvariant ¼ þ0.783) 97 bp upstream of the canonical donor

and result in a frameshift starting at codon position 939

and the introduction of a premature termination codon

(PTC) ten amino acids downstream (p.His939Glyfs*10)

(Figure 3B, top). To test this prediction, we introduced

c.2816A>G into exon 17 of an expression minigene with

sequences from CFTR introns 14–18. Sequencing of RT-

PCR products from transiently transfected HEK293 cells

confirmed the predicted 97 bp deletion (Figure 3B, middle).

Mature protein was produced by the normally spliced WT

expression minigene (Figure 3B, bottom, lane 4) but not by

the expression minigene bearing c.2816A>G (lane 5),

consistent with the expectation of nonsense-mediated

RNA decay (NMD) of aberrantly spliced transcript bearing a

PTC. Very low amounts of immature protein were observed

for c.2816A>G, most likely as a result of the generation of

some normally spliced transcript bearing the predicted His-

to-Arg substitution. In support of this conjecture, CFTR

cDNA bearing c.2816A>G and no introns was also found

to generate immature protein of the same molecular mass

(Figure 3B, bottom, lane 2). These data show that

c.2816A>G should be annotated as disease causing because

missplicing of pre-mRNA RNA leads to pathogenic decrease

in RNA transcript. Together, these results verify that

c.454A>Gand c.2816A>G, although annotated asmissense

variants, activate exonic cryptic splice sites and lead to the
rican Journal of Human Genetics 100, 751–765, May 4, 2017 757
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Figure 3. Experimental Validation of Exonic CFTR Cryptic Splice Variants
(A) Top: c.454A>G (predictedmissense: p.Met152Val, inverted triangle) was predicted to activate a cryptic donor upstream of the exon 4
canonical donor and result in an in-frame 36 bp deletion leading to a 12 amino acid deletion (diagonally hashed rectangle). Middle:
Sequence analysis of RNA transcripts from HEK293 cells transfected with an expression minigene bearing c.454A>G and flanking in-
trons showed deletion of the last 36 exonic nucleotides from the final processed transcript as a result of utilization of the cryptic donor
at c.454 over the canonical exon 4 donor. Bottom: western blotting of an expression minigene with c.454 A>G (EMG i2_i5 c.454A>G)
showed a drastic loss of normal CFTR and a very faint amount of immature protein. By contrast, c.454A>G in a plasmid bearing CFTR
cDNA with no intronic sequences showed CFTR identical to that seen in WT transfections. CFTR bearing the p.Phe508del variant that
causes severe misfolding that precluded glycosylation is included to show the location of immature CFTR.
(B) Top: c.2816A>G (predicted missense: p.His939Arg, inverted triangle) was predicted to activate a cryptic donor upstream of the exon
17 canonical donor and result in a 97 bp deletion (diagonally hashed rectangle). Middle: sequencing of transcripts from HEK293 cells
transfected with expression minigenes bearing c.2816A>G and flanking introns showed deletion of the last 97 exonic nucleotides as a
result of utilization of the cryptic donor at c.2811. Bottom: western blotting of expression minigenes with c.2816A>G (EMG i14_i18
c.2816A>G) showed a near complete loss of normal protein and a very faint amount of immature protein, consistent with translation
of a small amount of normally spliced transcript bearing a deleteriousmissensemutation causingmisfolded protein, as illustrated by the
immature protein generated by CFTR cDNA with c.2816A>G.
loss of mature CFTR. The molecular consequence of these

variants is consistentwith the severeCFphenotypeobserved

in individuals carrying c.454A>G (n ¼ 3) or c.2816A>G

(n¼ 5) in transwith a known severe disease-causing variant

(data not shown). These experiments also emphasize the

importance of studying exonic variants in a near-native

context incorporating relevant introns to accurately deter-

mine the underlying molecular mechanism of disease.

Identification of Intronic Cryptic Splice Variants in CFTR

The entireCFTRwas sequenced in 14 individuals with diag-

nostically elevated sweat chloride concentrations and

phenotypic features of CF, but only one disease-causing

variant was identified after analysis of all exons and flank-

ing introns. Because these individuals had compelling clin-

ical evidence of CF, it was likely that they carried a second

deleterious variant outside of the regions analyzed, such

as an intronic variant that disrupted normal CFTR pre-

mRNA splicing.6 Sequencing identified 41 candidate in-

tronicCFTR variants in these 14 subjects after the exclusion

of 388 intronic variants that were found in cis with

CF-causing variants in 31 CF individuals with two known
758 The American Journal of Human Genetics 100, 751–765, May 4,
CF-causing alleles. The 41 intronic variants created 27

candidate donor sequences and 48 candidate acceptor se-

quences. Given the small number of candidate sequences

generated and the assumption of deep intronic cryptic

splice activation, all candidate sequences with a ‘‘true’’ clas-

sification were evaluated manually. Five different intronic

variants created sequences that were classified as true splice

sequences. One variant, c.3140�26A>G (rs76151804),

identified in three individuals, had been previously charac-

terized as CF causing.30 This variant creates an AG dinucle-

otide and activates a splice acceptor (P(var) ¼ 0.896). The

remaining four variants were predicted to activate deep

intronic cryptic donors: c.1680�877G>T (two subjects;

rs397508261, Dvariant ¼ þ0.228), c.3717þ40A>G

(rs397508595, Dvariant ¼ þ0.071), c.1584þ689G>A (chr7:

117,200,398; Dvariant ¼ þ0.361), and c.2491�1190C>T

(chr7: 117,233,794; P(var) ¼ 0.994).

Experimental Evaluation of Predicted Deep Intronic

Cryptic Splice Variants in CFTR

c.1680�877G>T (legacy 1811þ1643G>T or c.1679þ
1643G>T) was identified in 2 of the 14 subjects. Both
2017
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Figure 4. Experimental Validation of Intronic CFTR Cryptic Splice Variants
(A) Top: c.1680�877G>T (inverted triangle) was predicted to activate a deep intronic cryptic donor (dashed-edge rectangle) and a latent
acceptor 55 bp upstream that could enable pseudogene inclusion. Middle: RT-PCR of RNA isolated from primary nasal epithelial cells of
an individual with genotype c.1680�877G>T;c.1521_1523delCTT (p.Phe508del) was subjected to fragment analysis and pyrosequenc-
ing. The identification of a 289 bp peak by fragment analysis and subsequent sequencing confirmed incorporation of the 53 bp cryptic
pseudoexon, as indicated by the dotted-edge rectangle in the upper panel. Pyrosequencing confirmed the lower abundance of transcript
bearing c.1680�877G>T (n ¼ 3). Bottom: western blotting revealed loss of normal CFTR from the expression minigene bearing
c.1680�877G>T (EMG i12 c.1680�877G>T), consistent with the prediction of a premature termination codon, NMD, and protein
instability (n ¼ 3 in plot). Error bars indicate standard error of the mean (SEM).
(B) Top: c.3717þ40A>G (inverted open triangle) was predicted to activate a cryptic donor 40 nucleotides downstream of the exon 22
canonical donor and result in exon extension (dashed-edge rectangle), frameshift, and a premature termination. Middle: RT-PCR was
performed on primary nasal epithelial cells of an individual with genotype c.3717þ40A>G;c.1521_1523delCTT (p.Phe508del). Frag-
ment analysis using primers from exons 22 and 23 confirmed retention of the first 40 nucleotides of intron 22 (314 bp peak). Pyrose-
quencing revealed lower abundance of the c.3717þ40A>G transcript than of the p.Phe508del transcript (n ¼ 3). Bottom: western blot-
ting showed residual amounts of bothmature fully glycosylated and immature core-glycosylated forms of CFTR generated by expression
minigene bearing c.3717þ40A>G (EMG i21_i23 c.3717þ40A>G) as a result of leaky splicing (n ¼ 3 in plot). Error bars indicate SEM.
were of Hispanic ancestry, and each carried CFTR

p.Phe508del (c.1521_1523delCTT, legacy F508del) as

their single identified CF-causing mutation. The variant

is in the þ4 position downstream of an existing GT

dinucleotide and was predicted to create a deep intronic

donor (Dvariant ¼ þ0.228). An intronic acceptor (chr7:

117,229,470; P(ref) ¼ 0.870) was predicted 60 bp upstream

of the variant. Spliceosomal recognition of the intronic

acceptor at chr7: 117,229,470 and the cryptic donor acti-

vated by c.1680�877G>T would result in the inclusion

of a 53 bp pseudoexon between exons 12 and 13 in the

final processed mRNA (p.Ala561Serfs*15) (Figure 4A, top).

Notably, the variant is 9 bp downstream of a different,

previously identified CF-causing deep intronic cryptic

donor created by c.1680�886A>G (CFTR legacy name

1811þ1.6kbA>G, rs39750826610). c.1680�886A>G acti-

vates a cryptic exon by using the same acceptor that was

predicted for c.1680�877G>T. RNA was isolated from

primary nasal epithelial cells in an individual carrying
The Ame
c.1680�877G>T with p.Phe508del in trans. RT-PCR

was performed, and RNA transcripts were inspected by

fragment analysis and pyrosequencing. The primers were

selected such that both p.Phe508del and c.1680�
877G>T transcripts could be amplified for determining

the relative abundance of each transcript. A transcript

bearing the predicted 53 bp cryptic pseudoexon between

exons 12 and 13 was detected and found to be in lower

abundance (31.38%5 1.18%, n¼ 3) than the p.Phe508del

transcript, most likely because of NMD (Figure 4A,middle).

Insertion of the expected 53 bp pseudoexon sequence

was confirmed by Sanger sequencing (data not shown).

To determine the effect of the variant upon protein

production, we collected cell lysates from HEK293

cells transiently transfected with expression minigenes

with c.1680�877G>T and sequence from intron 12. As ex-

pected, the expression minigene bearing c.1680�877G>T

showed a complete loss of normal mature or immature

CFTR (n ¼ 4) (Figure 4A, bottom, lane 4). The finding of
rican Journal of Human Genetics 100, 751–765, May 4, 2017 759



complete loss of normal splicing due to activation of a

cryptic donor by c.1680�877G>T is consistent with the

severe CF phenotype observed in individuals carrying

this variant in homozygosity (n ¼ 4) and in individuals

carrying at least one copy of c.1680�877G>T in trans

with a known severe loss-of-function variant (n¼19 CF

individuals; CFTR2 database).

c.3717þ40A>Gwas identified in an adult individual car-

rying p.Phe508del and exhibiting features consistent with

a mild CF phenotype (late diagnosis at age 14 years, mean

sweat chloride concentration of 83 mEq/L, and exocrine

pancreatic sufficiency). c.3717þ40A>G was predicted

to activate a splice donor sequence (Dvariant ¼ þ0.071)

40 bp from a canonical splice donor. Furthermore, the

splice donor sequence activated by c.3717þ40A>G

was predicted to outcompete the nearby canonical donor

(Dcanon ¼ þ0.261) (Figure 4B, top). RT-PCR was performed

on RNA isolated from nasal epithelial biopsies obtained

from this individual. Fragment analysis revealed transcript

retaining the first 40 nucleotides of intron 22, consis-

tent with cryptic splice activation at c.3717þ40A>G

(Figure 4B, middle). Retained intron 22 sequence was

confirmed by Sanger sequencing (data not shown). As pre-

viously done, we performed pyrosequencing with primers

to select transcripts that included p.Phe508del so we could

measure the relative abundance of the transcripts. The

c.3717þ40A>G transcript was substantially less abundant

(34.69% 5 2.62%, n ¼ 3) than the p.Phe508del transcript.

In vitro analysis using expression minigenes bearing

c.3717þ40A>G and sequence from introns 21–23 further

corroborated the findings from primary nasal cells (data

not shown). The inclusion of 40 intronic nucleotides was

predicted to cause a frameshift at amino acid position

1,241 and the introduction of a PTC nine amino acids

downstream (p.Gly1241Argfs*9). Western blotting of cell

lysates from expression minigene transfections showed

very low amounts of protein (12.55% 5 1.99%; n ¼ 3)

migrating at a size consistent with mature wild-type

protein (Figure 4B, bottom). These results indicate that

c.3717þ40A>G does not completely ablate normal

splicing of this region and results in the translation of a

small quantity of WT CFTR, consistent with the mild CF

phenotype observed in this individual.

c.1584þ689G>A was predicted to activate a donor

(Dvariant ¼ þ0.361) that would create a deep intronic

cryptic pseudoexon and thus lead to transcript loss due

to NMD. This variant was identified in an individual whose

known CF-causing variant was c.489þ1G>T (legacy

621þ1G>T). Previous studies of RNA from this individual’s

nasal epithelia did not show inclusion of a pseudoexon;

however, RNA transcription from the chromosome not

bearing c.489þ1G>T was significantly diminished, consis-

tent with the prediction of NMD.34 The last candidate

variant, c.2491�1190C>T, was predicted to create a novel

GT (P(var) ¼ 0.994) that would activate a deep intronic

cryptic donor. However, it was not considered a strong

candidate to activate cryptic exon splicing given the
760 The American Journal of Human Genetics 100, 751–765, May 4,
absence of a strong upstream acceptor. To test this predic-

tion, we analyzed CFTR RNA transcripts from the nasal

epithelial cells of a pair of dizygotic CF twins carrying

this variant in transwith p.Phe508del. No aberrant splicing

of transcript from the non-p.Phe508del allele was observed

in either subject (data not shown).

Identification and Characterization of DKC1 Intronic

Splice Variants in Individuals with Dyskeratosis

Congenita

To verify that CryptSplice is broadly applicable, we

analyzed variants identified in individuals with dyskerato-

sis congenita (DC [MIM: 305000]). DC is a genetically

heterogeneous multiorgan disease of shortened telomeres

and is defined by mucocutaneous abnormalities with

bonemarrow failure and pulmonary fibrosis as the primary

causes of mortality.35 An X-linked recessively inherited

form of DC is most common, and 50%–70% of cases

have been attributed to mutations in DKC1 (MIM:

300126),23,36 leaving a significant number of X-linked

DC-affected individuals with no identified disease-causing

DKC variant.37 A variant call format file extracted from a 3

Mb region surrounding the 15 kb DKC1 locus from exome

and genome sequencing of five DC individuals and a single

variant identified by Sanger sequencing in the exon 3 ca-

nonical splice acceptor of a sixth DC individual were sub-

jected to classification. The 4,685 unique variants present

in the six individuals resulted in five candidate donor

sequences and 12 candidate acceptor sequences. After

splice variants were selected, two variants were predicted

to affect native splice patterns. The first variant,

DKC1 c.16þ592C>G, was adjacent to a GT dinucleotide

and was predicted to activate a splice donor (chrX:

153,991,848; Dvariant ¼ þ0.709). This variant was found

in an individual presenting with mild DC and had been

identified in an additional DC individual.23,38 An acceptor

of moderate splice potential (chrX: 153,991,611; P(ref) ¼
0.579) was identified 235 bp upstream of c.16þ592.

Sequencing of RNA transcripts from the DC individual

confirmed activation of the predicted cryptic donor and

inclusion of a pseudoexon (Figure 5A). Interestingly, the

deep intronic acceptor used by this pseudoexon was not

the one identified by the classifier model but rather a

sequence 14 bp upstream that had a low splice potential

(P(ref) ¼ 0.134). Normally spliced DKC1 transcripts were

also detected in relatively equal proportion, which corrob-

orates previous findings in which half of the normal dys-

kerin protein was detected by western blotting of cells

derived from the affected individual.23 The second variant,

DKC1 c.85�5C>G, was predicted to moderately decrease

the splice potential of the exon 3 canonical acceptor

(chrX: 153,993,717; Dcanon ¼ �0.152). Given the higher

P(var) of this candidate splice sequence than of validation

sequences bearing variants known experimentally to

completely abolish normal splicing, two transcripts were

predicted: normally spliced WT transcript and transcript

with exon 3 skipped (Figure 5B, top). RT-PCR and
2017
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Figure 5. Experimental Validation of DKC1 Splice Variants
(A) DKC1 c.16þ592C>G (inverted triangle) was predicted to activate a deep intronic cryptic donor and result in the inclusion of a pseu-
doexon in the final processed mRNA (dashed-edge rectangle). Sanger sequencing of transcripts from lymphoblastoid cell lines derived
from a DC individual confirmed the inclusion of a cryptic pseudoexon (a reverse-complement DNA sequence is shown).
(B) DKC1 c.85�5C>G (inverted triangle) was predicted to moderately weaken the canonical exon 3 acceptor and lead to two predicted
transcripts: skipping of exon 3 (dotted lines joining) and normally spliced transcript (solid lines joining exons). Amplification and
Sanger sequencing of RNA transcripts from lymphoblastoid cell lines derived from the affected individual confirmed the two predicted
transcripts (WT and exon 3 skipped).
subsequent Sanger sequencing showed three products: the

first two predicted transcripts (Figure 5B, bottom) plus one

transcript with intron 2 retained (data not shown). The

transcript retaining intron 2, which is 477 bp long, had

very low expression in relation to theWTand exon-3-skip-

ped transcripts. Retention of intron 2 (p.Glu29Valfs*38)

and skipping of exon 3 (p.Glu29_Lys57del) are both

consistent with the prediction that c.85�5C>G would

disrupt the normal splicing of exon 3. An acceptor of mod-

erate splice potential (P(ref) ¼ 0.684) was identified 82 bp

upstream of the exon 3 canonical acceptor, yielding the

possibility of a fourth transcript with an extension of

exon 3, causing a frameshift, premature termination, and

NMD; however, this product was not detected.39
Identification of Candidate Splice Variants among

ClinVar SNVs

The identification of splice variants from amongst CF-asso-

ciated CFTR variants demonstrated that splice variants

could be under-ascertained in databases of disease variants.

To test this hypothesis, we applied CryptSplice to 24,787

SNVs labeled ‘‘pathogenic’’ or ‘‘probably pathogenic’’ in

the October 2015 ClinVar FTP download. Over 15,000

unique SNVs generated nearly 29,000 candidate splice

sequences by creating a new GT or AG dinucleotide or ex-

isting in sufficient proximity to an existing GTor AG dinu-

cleotide (Figure S1). 459 candidate splice variants were

selected as having a high likelihood of altering native

splice patterns (Table S2) and were evaluated for their effect

on RNA processing. 129 (28.1%) of the 459 high-confi-

dence splice variants were predicted to activate cryptic

splice sites. Interestingly, although most of the selected

variants involving splice donors were predicted to weaken
The Ame
nearby canonical donors (315 of 379 [83%]), most of the

selected variants involving splice acceptors were predicted

to activate cryptic acceptors (65 of 80 [81.3%]). 293

(63.8%) of the 459 selected splice variants were exonic,

and 205 (44.7%) of all selected variants were annotated

as missense mutations in ClinVar.

To explore whether variants designated in ClinVar as

variants of uncertain significance (VUSs) might affect

splicing, we applied CryptSplice to 28,147 VUSs in the

October 2015 ClinVar FTP download. Over 18,500 unique

VUSs created GT or AG dinucleotides or occurred within

sufficient proximity to existing GT or AG dinucleotides

to generate over 35,000 candidate donor and acceptor se-

quences (Figure S2). 348 candidate splice variants were

selected as having a high likelihood of altering native

splice patterns (Table S3), and the majority (273 [78.4%])

of selected VUSs were predicted to weaken nearby canoni-

cal donors or acceptors. 75 (21.6%) of 348 selected VUSs

were predicted to result in cryptic splice site activation

either near canonical donors or in the deep intron. 137

of the selected VUSs were exonic, and 113 (32.5%) of all

selected VUSs were annotated as missense mutations in

ClinVar. Overall, 28.1% of ClinVar pathogenic variants

and 21.6% of ClinVar VUSs selected with high confidence

to affect splicing were predicted to activate cryptic splice

sites (Figures S1 and S2), a rate similar to that observed

with variants in the CFTR2 database (32.7%).
Discussion

The activation of cryptic splice sites by SNVs is a well

understood pathologic mechanism. Indeed, one of the

earliest bþ thalassemia (MIM: 613985)-associated variants
rican Journal of Human Genetics 100, 751–765, May 4, 2017 761



identified activated a cryptic acceptor 19 bp upstream of

the canonical exon 2 acceptor of the b-globin gene (HBB

[MIM: 141900]).40 Using a systematic method for the

in silico identification of variants that activate cryptic

splice sites, we discovered that this mechanism is not

rare. Consequently, we propose that cryptic splice activa-

tion should be considered in the evaluation of the patho-

genicity of exonic and intronic variants. Although we

present Mendelian autosomal and X-linked recessive ex-

amples whereby cryptic splice activation causes substantial

reductions in normally spliced transcripts, it is reasonable

to posit that the same mechanism could be the cause of

diseases with dominant and complex inheritance patterns.

Variants that activate cryptic splice sites and lead to the

loss of protein or aberrant protein could underlie domi-

nant disorders caused by haploinsufficient, dominant-

negative, or gain-of-function mechanisms. Variability in

splicing efficiency shown here was associated with mild

phenotypes, suggesting that some variants could have sub-

tle effects on protein expression and that these subtle ef-

fects could be predicted computationally. Thus, intronic

variants associated with complex traits should be consid-

ered for splice-site activation.

Exonic SNVs are often assumed to primarily affect

protein, especially if the variant is non-synonymous. For

example, there are efforts to determine the impact of every

exonic variant on protein processing and function.41,42

However, these massively parallel mutagenesis methods

presume that exonic variants will not affect mRNA process-

ing and thus interrogate variants in cDNA in the absence of

introns. The importance of considering whether variants

affect splicing is illustrated by the dramatic differences in

the effect of CFTR c.454A>G upon protein synthesis

when cDNA (without introns) or expression minigenes

(with introns) were employed (see Figure 3A). Correct

assessment of variant effect upon gene function is essential

to inform treatment.33,43–45 Of particular note, a recent

clinical trial evaluated the efficacy of the small molecule

ivacaftor in CF-affected individuals carrying variants that

permitted residual protein function,46 as determined by

in vitro chloride-conductance measurements of mutant

CFTR.47 At the completion of the clinical trial, all individ-

uals except for those carrying p.Gly970Arg had positive

clinical responses to ivacaftor. The variant that causes

p.Gly970Arg (c.2908G>C) alters the last nucleotide of

the exon and was predicted by the method presented

here to cause a complete loss of normal splicing at the

canonical donor (Table S1). Thus, the lack of clinical

response to ivacaftor in CF-affected individuals carrying

c.2908G>C is explained if the underlying molecular defect

affects mRNA processing instead of protein function. The

importance of elucidating molecular mechanisms will

become increasingly relevant to disease-research commu-

nities that seek to deploy small-molecule therapies.48

Deep intronic variants are largely dismissed as disease

causing given the high degree of intronic variation, the

distance of these variants from coding or other highly
762 The American Journal of Human Genetics 100, 751–765, May 4,
conserved regions, and the practical issues inherent to ob-

taining and working with RNA from clinical specimens.49

Experimental detection of aberrantly spliced transcripts

with premature termination codons can be difficult, espe-

cially in primary tissues, as a result of RNA degradation

caused by NMD. For example, the deep intronic variant

CFTR c.1584þ689G>Awas predicted to result in activation

of a crypticpseudoexon.The individual carrying this variant

had been shown in previous studies34 to have severely

decreased RNA transcription from the chromosome bearing

c.1584þ689G>A. Amplification of cDNA derived from this

individual’s nasal epithelial RNA did not show pseudoexon

inclusion. However, it is reasonable to posit that transcripts

containing this predicted pseudoexon were sufficiently

degraded by NMD to preclude detection by PCR. Of note,

we were able to find intronic variants that caused aberrant

splicing in a substantial fraction of CF (7 of 14) and DC

(2 of 6) individuals with undiscovered disease-causing vari-

ants. These findings suggest that deleterious splice variants

are likely to be present in the introns of other genes associ-

ated with loss-of-function Mendelian disorders; therefore,

the introns of the suspected disease-associated genes should

be inspected in cases where exome sequencing is unable

to assign a disease-causing variant in an individual with

unambiguous Mendelian disease.

Assessing the effect of variants occurring outside of

highly conserved positions in acceptor sites is known to

be difficult. We observed a lower detection rate for canoni-

cal acceptors (88.9% sensitivity) than for canonical

donors (97.8% sensitivity) in our validation using the ca-

nonical sites of five genes. Further, we were unable to

computationally predict the acceptor that paired with the

donor cryptically activated byDKC1 c.16þ592C>G.Multi-

ple factors most likely contribute to the lower ascertain-

ment of acceptors than of donors by the method

presented here. The longer length of acceptors and the flex-

ibility of the polypyrimidine tract allow for a greater

diversity of nucleotide combinations. Further, the splice-

variant scoring algorithm is designed to find variants with

a high likelihood of altering native splice patterns through

comparisons of splice potentials (Dvariant and Dcanon, where

applicable).Dvariant and Dcanon metrics rely on the probabil-

ity estimates provided by the splice sequence classifiers and

therefore do not consider non-sequence contributors to

splice-site recognition. The role of splice enhancers and in-

hibitors in the maintenance of normal splicing patterns is

well established,5 and the incorporation of predictive tools

that model the functions of splice enhancers and inhibi-

tors50,51 into the method described here could possibly

lead to better ascertainment of cryptic splice sites, particu-

larly acceptors. Indeed, in our validation using known

CFTR splicevariants, all five acceptor variantswere correctly

identified. Although using such stringent criteria could in-

crease the number of false negatives, it also decreases the

number of false positives, making each selected candidate

splice variant a high-confidence candidate. Furthermore,

the parameters used here were chosen to optimize the
2017



detection of cryptic splice sites rather than the loss of

splicing at canonical splice sites. Modification of P(var),

Dvariant, and Dcanon thresholds will allow for variability in

the permissiveness of the selection algorithm, enabling

the user to accept a more or less stringent sensitivity when

searching for variants that lead to loss of splicing as opposed

to cryptic splicing.

Our findings in both CF and DC individuals reveal that

the deep introns are an untapped reservoir of cryptic splice

variants sufficient to cause severe, life-limiting disease.

These variants can create GT or AG dinucleotides that

could immediately bring splicing mechanisms to mind;

however, the majority of these variants lie adjacent to ex-

isting GT or AG dinucleotides and can thus be assessed

more easily and accurately with the aid of artificial intelli-

gence tools such as the classification-based method

described here.52 Although existing in silico splice predic-

tion tools have demonstrated success, other classifiers are

limited by simple human-delineated rules that do not cap-

ture the complexity of sequence information required for

spliceosome recognition. NNSplice, for example, uses neu-

ral networks based on the frequencies of dinucleotides

within a sequence;12 in the training of the splice sequence

classifiers described here, dinucleotide frequency is but one

of three sequence features used. Other commonly used

splice prediction tools utilize thermodynamics and conser-

vation data, both of which are descriptive of spliceosome

recognition but not deterministic (as is nucleotide

sequence), to assess splice potential. Further, the utiliza-

tion of the scoring algorithm refines the classifier predic-

tions from statistically significant to biologically meaning-

ful findings according to the unique genomic context of

each candidate variant. The comparison of a variant se-

quence’s splice potential with the splice potential of the

reference provides a powerful filter with demonstrable

accuracy. Context dependency is still relatively new to

variant annotation tools but should enable more precise

annotation of potential disease-causing variants. Finally,

our findings suggest that all variants should be considered

as possible splice variants, even if they appear to cause

amino acid substitutions predicted to have deleterious

consequences on the resulting protein.
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Supplemental Data include two figures and three tables and can be
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