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Loss of exon identity is a common mechanism
of human inherited disease
Timothy Sterne-Weiler,1,2 Jonathan Howard,1 Matthew Mort,3 David N. Cooper,3

and Jeremy R. Sanford1,4

1Department of Molecular, Cellular and Developmental Biology, University of California Santa Cruz, Santa Cruz, California 95064,

USA; 2Department of Biomolecular Engineering, University of California Santa Cruz, Santa Cruz, California 95064, USA; 3Institute

of Medical Genetics, School of Medicine, Cardiff University, Heath Park, Cardiff CF14 4XN, United Kingdom

It is widely accepted that at least 10% of all mutations causing human inherited disease disrupt splice-site consensus
sequences. In contrast to splice-site mutations, the role of auxiliary cis-acting elements such as exonic splicing enhancers
(ESE) and exonic splicing silencers (ESS) in human inherited disease is still poorly understood. Here we use a top-down
approach to determine rates of loss or gain of known human exonic splicing regulatory (ESR) sequences associated with
either disease-causing mutations or putatively neutral single nucleotide polymorphisms (SNPs). We observe significant
enrichment toward loss of ESEs and gain of ESSs among inherited disease-causing variants relative to neutral poly-
morphisms, indicating that exon skipping may play a prominent role in aberrant gene regulation. Both computational and
biochemical approaches underscore the relevance of exonic splicing enhancer loss and silencer gain in inherited disease.
Additionally, we provide direct evidence that both SRp20 (SRSF3 ) and possibly PTB (PTBP1) are involved in the function of
a splicing silencer that is created de novo by a total of 83 different inherited disease mutations in 67 different disease genes.
Taken together, we find that ~25% (7154/27,681) of known mis-sense and nonsense disease-causing mutations alter
functional splicing signals within exons, suggesting a much more widespread role for aberrant mRNA processing in causing
human inherited disease than has hitherto been appreciated.

[Supplemental material is available for this article.]

The sequences of mammalian exons perform at least two over-

lapping roles in gene expression. First, exons are encoded with the

primary sequence determinants of proteins. This information is

decoded by the ribosome and translated into functional polypep-

tides. Secondly, it has been understood for some time that exonic

sequences also contribute to pre-mRNA splicing through both

sequence and local structure (Watakabe et al. 1993; Wang and

Cooper 2007; Warf and Berglund 2010). These latter observations

are not surprising given the organization of mammalian genes,

which typically contain small exons (;140 bp) flanked by thou-

sands of base pairs of intronic DNA sequence. The large size of

many mammalian genes and the apparent degeneracy of mam-

malian splice sites marking the 59 and 39 termini of introns are also

suggestive of a requirement for auxiliary cis-acting elements in

facilitating exon recognition (Keren et al. 2010).

Exonic sequences contain a staggering array of cis-acting

elements that direct the activation or repression of splicing (Liu

et al. 1998; Fairbrother et al. 2002; Cartegni et al. 2003; Wang

et al. 2004; Yeo et al. 2004; Shi et al. 2005; Goren et al. 2006).

Typically, these functional elements are classified as either exonic

splicing enhancers (ESE) or exonic splicing silencers (ESS) based

on their ability to stimulate or inhibit splicing, respectively. ESE

and ESS elements, acting in concert with their cognate trans-

acting RNA-binding proteins, represent important components

in a splicing code that specifies how, where, and when mRNAs are

assembled from their precursors (Barash et al. 2010). Two of the

major players in establishing exon identity are the serine- and

arginine-rich proteins (SR proteins) and the heterogeneous nu-

clear ribonucleoproteins (hnRNPs) (for review, see Wang and

Burge 2008). SR proteins promote the initial stages of spliceosome

assembly by binding to ESEs and recruiting basal splicing factors

to adjacent splice sites or by antagonizing the effects of ESS ele-

ments (Kohtz et al. 1994; Graveley et al. 2001; Zhu et al. 2001).

In contrast, hnRNPs mediate the repressive effects of silencers

and can alter recruitment of the core splicing machinery (Wang

et al. 2006; Yu et al. 2008). The interactions between silencers,

enhancers, and their cognate binding proteins play a critical role in

the fidelity and regulation of pre-mRNA splicing (Eperon et al.

2000; Zhu et al. 2001).

At least 10% of all mutations identified as causing human

inherited disease are known to alter consensus 59- or 39-splice

sites, thereby inducing aberrant pre-mRNA splicing (Krawczak

et al. 2007). Nonetheless, the role(s) played by pre-mRNA splicing

in human genetic disease remain enigmatic (Cooper et al. 2009).

Although the mechanistic consequences of mutations on splice

sites are fairly easy to interpret, evaluating precisely how inher-

ited disease-causing mutations influence the loss or gain of ESE/

ESS motifs is much more challenging (Cartegni and Krainer 2002;

Pagani and Baralle 2004). This is due in part to the considerable

functional overlap between protein-coding sequences and the cis-

acting elements involved in splicing regulation. Hence, many

mis-sense and nonsense mutations that alter pre-mRNA splicing

may be incorrectly assumed to have an impact solely on protein

structure–function relationships as a consequence of amino

acid substitution or protein truncation, rather than on splicing

changes per se (Liu et al. 2001; Pagani and Baralle 2004). It is also

possible that the impact of a disease allele may be due to the

combination of an aberrant splicing event and the presence of

a normal-length mutation-bearing transcript. Such multifunc-
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tional sites within coding regions have recently been identified by

the intragenic mapping of common genetic variants known as

single nucleotide polymorphisms (SNPs) (Majewski and Ott 2002;

Fairbrother et al. 2004; Goren et al. 2008). As a consequence of

purifying selection, SNPs appear somewhat depleted and synony-

mous codon bias restricted (GAA vs. GAG), revealing a silhouette of

the ‘‘splicing code’’ that appears position-restricted relative to the

edges of exons (Majewski and Ott 2002; Fairbrother et al. 2004;

Chamary et al. 2006). Here we have investigated the relationship

between coding sequence mutations and splicing regulation using

a novel combination of bioinformatic and biochemical tech-

niques.

Results

Disease-causing mutations overlap with the splicing code

We extracted 27,681 exonic disease-causing (mis-sense and non-

sense) (see Table 1) mutations from the Human Gene Mutation

Database (HGMD; http://www.hgmd.org), a proprietary, hand-

curated database requiring one or more pieces of causal evidence

for inclusion (e.g., absence from normal controls, cosegregation

of lesion and phenotype through pedigree, independent occur-

rence in an unrelated patient, etc.) (Stenson et al. 2008). For

common genetic variants, we extracted 8601 exonic single nu-

cleotide polymorphisms from the 1000 Genomes Project (http://

www.1000genomes.org) (see Table 2; Durbin et al. 2010). These

exonic SNPs were selected for neutrality by filtering average het-

erozygosity to 30%–50%, corresponding to a Hardy-Weinberg

minor allele frequency of at least ;0.18. In addition, we deter-

mined the ancestral allele (biallelic directionality) by comparison

to the chimpanzee (Pan troglodytes) genome (Fairbrother et al.

2004; Karolchik et al. 2008).

We used a set of 238 hexameric sequences corresponding to

the RESCUE-ESE data set and 176 hexameric sequences corre-

sponding to the FAS-hex2 ESS data set (Fairbrother et al. 2002;

Wang et al. 2004). Each set of hexanucleotides was experimentally

validated to enhance or silence splicing of an alternative exon in

a minigene context. We used the directionality of the substi-

tutions, based on ancestral > variant for SNPs and wild-type >

disease for HGMD mutations to calculated odds ratios (OR), ex-

pressing the relative likelihoods that either disease-causing muta-

tions or the putatively neutral polymorphisms are associated with

the loss or gain of ESEs or ESSs (see Methods). Whereas disruption

of ESEs was found to be strongly associated with the mutations

from the HGMD data set by comparison with neutral SNPs, there

was substantially less evidence for the gain of ESEs in the disease

mutation data set (Fig. 1A). In contrast, a strong association was

noted between disease-causing mutations and the creation of ESS

motifs (Fig. 1B). Taken together, these data suggest that exon

skipping may play a key role in human inherited disease not only

via the loss of exonic splicing enhancers but also via the gain of

exonic splicing silencers.

Disease-associated alterations of the splicing code

To determine if specific cis-acting elements are more susceptible to

disease-causing mutations than others relative to a background

level ascertained by reference to putatively neutral SNPs, we cal-

culated the binomial enrichment P-value for loss or gain of in-

dividual hexamer sequences (see Methods). We visualized the

distribution of genomic variants across individual hexamers from

the ESE and ESS data sets using Principal Component Analysis for

optimal leaf ordering (Rajaram and Oono 2010). Figure 1, C and D,

depicts log2 ratios of HGMD mutations versus SNPs for loss or gain

of individual ESE and ESS hexamers with a binomial P-value sig-

nificant at a 5% false discovery rate (FDR). Of the 238 ESE hexamers

considered in this analysis, 106 showed no significant difference

for either loss or gain by inherited disease-causing mutations rel-

ative to SNPs given the 5% FDR. Similarly, 67 out of 176 ESS hex-

amers were not significantly different between the HGMD and

SNP data sets. For both ESEs and ESSs, the heat maps clearly dem-

onstrate that HGMD mutations are not uniformly distributed

across all hexamers but, rather, are enriched in select subsets cor-

responding to losses or gains. For ESEs, we not only observe clusters

of hexamers that are both exclusively either ablated or created by

disease-causing mutations (Fig. 1C, regions i and iii) but also

a small subset of hexamers that are subject to a significant degree of

both loss and gain by disease-causing mutations (Fig. 1C, region ii).

In contrast to the ESEs, a much larger number of hexamers are

significantly enriched for disease-causing mutations that create

ESSs rather than abolish ESSs (Fig. 1D, cf. regions i and ii). An ex-

panded version of Figure 1, C and D, containing the hexamer

sequences, is presented in Supplemental Figures 1 and 2. We also

examined loss or gain of each hexamer sequence in several dif-

ferent contexts including their proximity to the nearest 59 or 39

splice sites and their presence within alternative or constitutive

exons (see Methods). Supplemental Figures 3–6 show that, al-

though the general observations described in Figure 1, C and D

hold true, there is inconclusive evidence for a bias of hexamer loss

or gain relative to either splice site or between constitutive or al-

ternative exons.

ESEs ablated by disease-causing mutations share hallmarks
of functional splicing enhancers

Since evolutionary conservation usually implies functionality (Boffelli

et al. 2003; Margulies et al. 2003; Siepel et al. 2005), we opted to

determine whether there was a difference in average evolutionary

conservation between those ESE hexamers lost as a consequence of

disease-associated mutation and those lost as a result of the in-

troduction of a neutral SNP allele. Because ESEs are more abundant

in the vicinity of splice sites and the activity of splicing enhancers

decreases with increasing distance from splice sites (Graveley and

Maniatis 1998; Yeo and Burge 2004; Parmley et al. 2006), we

evaluated average phyloP scores across alignments of 46 placental

mammals (Pollard et al. 2009) for HGMD- or SNP-disrupted ESE

hexamers relative to their positions within exons. Figure 2 shows

Table 1. Summary of putative splicing–sensitive mutations,
exons, and genes associated with genetic disease

Disease-mutation
count

Exon
count

Gene
count

3–72 bp from SS 27,681 7974 1760
ESR loss or gain 14,608 5743 1431
Statistically significant (5% FDR) 7154 3747 1055

Table 2. Summary of single nucleotide polymorphisms used in
this study

SNP count Exon count Gene count

>3 bp from SS 8438 7338 4529
ESR loss or gain 4248 3886 2866
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the bivariate density distributions of ESE hexamers lost by disease-

causing mutations and neutral SNPs (Fig. 2, left and right panels,

respectively). In both density plots, the axes displaying phyloP

scores are marked with red lines corresponding to the statistical

threshold for evolutionary conservation (phyloP score >1.3, a =

0.05) and blue lines corresponding to the median phyloP scores

for ESE hexamers. The median phyloP score corresponding to the

distribution of putative ESE hexamers ablated by disease-causing

mutations is 1.42 (Fig. 2, left panel, blue line), easily exceeding

the statistical threshold for evolutionary conservation. In con-

trast, ESE hexamers abolished by putatively neutral SNPs have

much lower distributed average phyloP scores, such that the

median (1.02) is well below the statistical threshold to reject

the null hypothesis of neutrally evolving sequence. Although the

median distance of ESEs from splice sites is not significantly dif-

ferent for those disrupted by SNPs or HGMD mutations, the dis-

tribution of phyloP scores for ESEs lost by disease-causing muta-

tions shifts toward higher values approaching splice sites. In

contrast, the distribution for ESEs dis-

rupted by neutral SNPs is visibly shifted

toward lower values near the edges of

exons. Overall, the density plots in Figure

2 indicate that ESEs targeted by disease-

causing mutations exhibit a bias not only

toward higher conservation values, but

also with respect to a location toward the

edges of exons as compared to those ESEs

targeted by neutral SNPs.

Disease-causing mutations often af-

fect conserved regions of proteins (Kumar

et al. 2009). To determine if the conser-

vation levels observed for ESE hexamers

ablated by disease-causing mutations

could result as a byproduct of this bias, we

sampled random hexamers that did not

cause loss/gain of any ESR from HGMD

mutation- or SNP-containing exons as

well as another subset that encompassed

HGMD mutations (Supplemental Fig. 7).

As expected, both random hexamers sam-

pled from HGMD exons and those con-

taining HGMD mutations displayed lower

distributed evolutionary conservation

values than the ESEs lost by HGMD mu-

tations (median average phyloP scores

of 1.32 and 1.36 compared to 1.45, re-

spectively; Welch test two-tailed P-value <

1.79 3 10�39 and 3.81 3 10�15). Further-

more, the phyloP scores for ESEs targeted

by neutral SNPs were distributed lower

overall than the set of random hexamers

sampled from SNP-targeted exons (me-

dian average phyloP scores of 1.09 and

1.15, respectively; Welch test two-tailed

P-value < 0.039).

Functional validation of a splicing
silencer mutationally linked to 67
different disease genes

To test the hypothesis that those exonic

splicing silencers that harbor a prepon-

derance of disease alleles could represent functionally repressive

elements, we opted to validate the activity of one of the most

significant hexamers identified by our comparison of disease-

causing and neutral polymorphisms within ESSs (designated in

Fig. 1D, ACUAGG, binomial P-value < 2.2 3 10�16; Supplemental

Table 4). This specific hexamer appears to have been created by

a total of 83 different disease-causing mutations in 67 different

genes. We searched this list of disease-causing mutations for se-

quences that were amenable for cloning into splicing reporter

constructs and were present in exons of near average size and

splice-site strength (Yeo and Burge 2004). Of the three differ-

ent disease-causing mutations we selected—OPA1, PYGM, and

TFR2—there was no a priori evidence for any effect on splicing

from in vitro analysis (Bruno et al. 1999; Camaschella et al. 2000;

Schimpf et al. 2008). However, aberrant splicing of OPA1, PYGM,

and TFR2 is observed in patients carrying coding and non-coding

mutations at other positions in these genes (Schimpf et al. 2006;

Biasiotto et al. 2008; Nogales-Gadea et al. 2008).

Figure 1. Patterns of exonic splicing regulator loss or gain among pathological mutations (HGMD) as
compared to putatively neutral SNPs. (A,B) Bar height corresponds to the odds ratio (OR) of HGMD/
SNPs for the loss or gain of enhancers and silencers, respectively. Each error bar represents a two-tailed
95% confidence interval for the bar height (see Methods). Directionality was expressed in the form of
the ancestral state > variant for the SNPs and healthy > disease for the HGMD mutations. (A) Hexamers
corresponding to exonic splicing enhancers were obtained from the RESCUE-ESE database. Each hex-
amer was scored for the loss or gain (de novo creation) of an ESE by the inherited disease-causing
mutations (relative to the wild-type allele) or putatively neutral SNPs (relative to the ancestral allele). (B)
Hexamers corresponding to exonic splicing silencers were obtained from the FAS-hex2 database and
scored for loss or gain as described in A. (C,D) Principal component analysis (PCA) of normalized ratios of
HGMD versus SNP substitution for loss or gain of ESE and ESS hexamers, respectively. Each row cor-
responds to a single ESE or ESS hexamer, whereas each column represents loss or gain of the hexamer by
a genomic variant. Any hexamers that were not significant at the 5% level were omitted from the heat
map. Each box depicts the log ratio for the counts of HGMD/SNP causing loss or gain of a specific
hexamer. A positive log ratio in red corresponds to a hexamer in a certain context (column) that is
significantly enriched in inherited disease. Alternatively, a blue value represents a hexamer that is
polymorphic across human populations. White boxes correspond to non-significant P-values given
a false discovery rate (FDR) of 5%. (C ) Hexamer clusters corresponding to ESE-loss (region i), ESE-loss
and ESE-gain (region ii), and ESE-gain (region iii). Hexamer clusters corresponding to ESS-gain (region i)
and ESS-loss (region ii). The loss/gain of SRSF1-like binding sites is indicated by GAAGAA in C, whereas
the ACUAGG hexamer is indicated in D.

Aberrant splicing in genetic disease
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We created matched pairs of beta-hemoglobin-based (HBB1)

splicing reporter gene constructs containing the wild-type or mu-

tant exon plus 50 bp of adjacent intron sequence (Rothrock et al.

2003). To investigate the effects of the ACUAGG silencer on

splicing of the reporter genes, HeLa cells were transiently trans-

fected with both wild-type or mutant constructs. Because inclusion

of all three of the test exons is predicted to induce nonsense-

mediated decay (NMD) by inducing an in-frame premature termi-

nation codon (PTC) (see Supplemental Fig. 8), we assayed splicing

in the presence of the translation inhibitor emetine dihydro-

chloride, a potent inhibitor of NMD in vivo (Noensie and Dietz

2001). After RNA isolation and conversion to cDNA, each sample

was tested for reporter RNA splicing efficiency. Inhibition of NMD

was confirmed by assaying the splicing of the SRSF6 pre-mRNA,

an endogenous PTC-containing gene known to undergo NMD

(Lareau et al. 2007; Ni et al. 2007). The presence of the SRSF6

poison exon-containing mRNA shows that NMD was, indeed,

inhibited in the emetine-positive samples (Supplemental Fig. 9). As

shown in Figure 3B, introduction of the ACUAGG hexamer re-

sulted in a remarkable degree of exon skipping in the OPA1, PYGM,

and TFR2 reporters. Quantification of amplicons using an Agilent

2100 Bioanalyzer demonstrated that the ACUAGG silencer sig-

nificantly decreased inclusion of the OPA1, PYGM, and TFR2

test exons from 97% to 44% (P-value < 2.39 3 10�3), 62%–19%

(P-value < 6.83 3 10�4), and 86%–49% (P-value < 7.62 3 10�4),

respectively (Fig. 3B). These data suggest that it is possible to pre-

dict splicing-relevant mutations based on the statistical enrich-

ment of hexamers in disease-associated mutation data sets.

Identification of trans-acting splicing silencers

The data presented in Figure 4 suggest that the ACUAGG motif

functions as a strong splicing silencer. Splicing silencers have been

shown to interact with trans-acting factors such as hnRNPs and to

alter the kinetics of the non-rate-limiting steps of spliceosome as-

sembly when two 59-splice sites are in competition (Zhu et al. 2001;

Yu et al. 2008). Given that we did not observe activation of cryptic

59-splice sites in the mutant OPA1 con-

struct, we searched for potential trans-

acting factors by RNA affinity chroma-

tography using HeLa nuclear extracts.

RNA-binding proteins captured by the

wild-type and mutant RNA ligands at low

and high stringency were identified by

Multidimensional Protein Identification

Technology (MudPIT) (Supplemental Fig.

10; Supplemental Tables 5–7). At both

high and low concentrations of KCl, pep-

tides corresponding to SRp20 (SRSF3),

PTB (PTBP1), hnRNP D (HNRNPD), and

hnRNP L (HNRNPL) were present on the

mutant RNA ligand (Supplemental Fig.

10A,B; Supplemental Tables 5, 6), sug-

gesting that these proteins may play a

role in mediating the silencing activity of

the ACUAGG hexamer.

To test the role of SRp20 and PTB in

splicing silencing, we cotransfected HeLa

cells with either the wild-type or mutant

OPA1 splicing reporter and siRNA target-

ing SRp20, PTB, or a non-targeting du-

plex. In cells transfected with non-tar-

geting control siRNA, the mutant OPA1 reporter was inefficiently

spliced relative to the wild-type reporter (Fig. 4A, cf. lanes 1 and 4).

In contrast, depletion of SRp20 and, to a lesser extent, PTB partially

rescued inclusion of the mutant OPA1 exon (Fig. 4A, cf. lane 4 with

lanes 5 and 6). Quantification of the RT-PCR amplicons from du-

plicate experiments revealed that depletion of SRp20 and PTB re-

stored inclusion of the mutant exon to ;50% and ;25% of the

wild-type levels, respectively. Analysis of the exon inclusion ratios

for the SRp20 and PTB depletion revealed that only knockdown of

SRp20 resulted in statistically significant changes relative to the

control (Fig. 4B). Depletion of both SRp20 and PTB was confirmed

by fluorescent Western blot analysis of nuclear extracts prepared

from transfected cells (Fig. 4B). Quantification of the Western blots

revealed approximately twofold and 2.75-fold depletions of SRp20

and PTB, respectively, relative to cells transfected with non-tar-

geting control duplex. Taken together, these data implicate SRp20

and PTB in both the recognition and function of the ACUAGG

exonic splicing silencer motif. We did not test the role(s) of hnRNP

D or hnRNP L in the function of this silencer motif.

Potential nonsense sequences are enriched in ESR hexamers

Nonsense-associated altered splicing (NAS) describes the phe-

nomenon whereby exons encoding premature stop codons tend to

be excluded from the mature RNA transcript during pre-mRNA

splicing in the nucleus (Dietz et al. 1993; Li et al. 2002; Wachtel

et al. 2004). Although the primary mechanism of NAS is still un-

known, several different models have been proposed. These in-

clude a nuclear scanning model that invokes the action of a frame-

sensitive mechanism in pre-mRNA splicing (Wang et al. 2002).

Alternatively, NAS may be the direct result of ESE disruption as

a means to abolish exon recognition (Shiga et al. 1997; Liu et al.

2001). In order for nonsense mutations to be specifically associated

with the loss/gain of ESR sequences, there must be a sequence bias

in the ESRs themselves. To investigate this hypothesis for ESR loss,

we simulated mutations based on the transition/transversion rates

observed for the 14,771 exonic HGMD mutations located near the

Figure 2. Conservation of exonic splicing enhancers ablated by genomic variants. The two-
dimensional density distributions (relative values given in color scale) of ESEs containing associated
average phyloP (Pollard et al. 2009) scores and distances to the nearest splice site (3–72 bp). The den-
sity distributions for ESEs targeted for loss by inherited disease-causing (HGMD) mutations (left panel)
or neutral SNPs (right panel). In each panel the red line designates a phyloP score corresponding to a
P-value of 0.05. The blue line designates the median phyloP score of each density distribution.
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edges of exons (Supplemental Fig. 11). For the ESR gains, we simply

evaluated the proportion of nonsense 3-mers (UAG, UAA, UGA)

compared to all of the 3-mers within the corresponding hexamers.

As a control for the experiment, we used the same algorithm to

evaluate the ‘‘loss’’ or ‘‘gain’’ of all 3-mers (excluding the first 3 bp)

in a previously used set of 206,029 human internal exons (Fig. 5;

Fairbrother et al. 2004). Using these data, we compared the non-

sense potential of exon retention to exon skipping with respect to

that of our control. For all ESR hexamers in our data sets, we ob-

served at least an approximately twofold increase in nonsense

potential, consistent with silencer gains (P-value < 5.50 3 10�21)

and enhancer losses (P-value < 1.27 3 10�14) when compared to

controls (x2 goodness-of-fit test) (Fig. 5). As expected, minimal

values of nonsense potential were observed for silencer loss (P-

value < 0.19) and enhancer gain (P-value < 0.86), consistent with

the nonsense potential seen for the respective ‘‘loss’’ and ‘‘gain’’ of

all human exonic 3-mers (x2 goodness-of-fit test) (Fig. 5). The lack

of nonsense potential for enhancer gain is not surprising given the

abundance of enhancers within exons

(Fairbrother et al. 2002) and their being

subject to protein-coding restrictions.

These data therefore support a model that

involves the disruption of enhancers and

the creation of silencers to yield non-

sense-associated altered splicing (NAS).

Consistent with this postulate, it would

appear as though enhancer loss and si-

lencer gain are specifically associated with

potential-nonsense codons through the

sequence bias of the ESRs.

Discussion
The results presented here demonstrate

that nearly ;25% (7154/27,681) of ex-

onic (i.e., mis-sense and nonsense) mu-

tations that cause human inherited dis-

ease are likely to induce exon skipping

either via the loss of evolutionarily con-

served splicing enhancers or alternatively

through the creation of potent splic-

ing silencers (Table 2). Given that it has

already been recognized that at least

10% of disease-causing mutations ablate

59- or 39-splice site consensus sequences

(Krawczak et al. 2007), we conservatively

estimate that approximately one-third of

disease-causing mutations may induce

aberrant splicing. Recently published

work from another group using an in-

dependent strategy reached a similar esti-

mate (22%) of splicing sensitive mis-sense/

nonsense disease-causing mutations (Lim

et al. 2011). Future studies that include

mutations that affect intronic cis-elements

may well increase this proportion. Over-

all, our results provide new insights into

the underlying mechanisms that link mu-

tation-induced aberrant splicing and hu-

man inherited disease. Understanding these

mechanisms is a prerequisite for the op-

timization of treatment regimens as we

enter the era of personalized medicine.

One surprising result from our study is that although genomic

variants that create ESEs or abolish ESSs are more frequently as-

sociated with neutral SNPs (Fig. 1A,B), some individual ESE and ESS

hexamers show a remarkable enrichment for disease-causing mu-

tations when gained or lost, respectively. We believe that this class

of mutations may induce aberrant splicing of adjacent exons as

previously described for a polymorphism in the MST1R1 gene

(Ghigna et al. 2005). We find it interesting that specific ESR hexa-

mers, based on their HGMD/SNP log ratios, appear to be dispro-

portionately represented by disease-causing mutations (Fig. 1C,

region i; Fig. 1D, region i). Within each of these clusters there are

individual hexamers that appear to be mutated very frequently in

genetic disease, suggesting that specific trans-acting factors may be

associated with several genetic disorders. For example, one of the

sequences in the enhancer loss-enriched cluster displays a re-

markable degree of similarity to the canonical binding site for the

splicing factor SF2/ASF (SRSF1) (Fig. 1C, GAAGAA; Tacke and

Figure 3. Validation of mutations creating the enriched silencer ACUAGG using the beta-globin
splicing reporter. (A) Splicing reporter constructs created from matched pairs of wild-type (Wt) or
mutant (Mt) alleles that give rise to a gain of the ACUAGG silencer in constitutive exons in three different
disease genes: OPA1, PYGM, and TFR2. GloE1, GloE2, and GloE3 designate exons 1–3 of beta-globin.
The polyadenylation signal from the bovine growth hormone 1 gene is indicated by bGH pA. (Blue)
Wild-type allele; (red) the mutant; (orange) the silencer sequence created by the mutation. (B) HeLa
cells were transiently transfected in triplicate with both wild-type (Wt) and mutant (Mt) alleles. Twenty-
four hours after transfection, cells were treated with emetine to inhibit NMD, RNA was harvested, and
the splicing efficiency was determined by RT-PCR and visualized using 6% non-denaturing (29:1)
polyacrylamide gel electrophoresis (PAGE). The graphs depict mean exon inclusion quantified using an
Agilent 2100 Bioanalyzer with standard error bars (see Methods). Statistical hypothesis testing on means
was executed using a Welch t-test for normal data with unequal sample size and variance using a-values
of (*) 0.05, (**) 0.01, and (***) 0.001.
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Manley 1995; Sanford et al. 2009). Indeed, the presence of an SF2/

ASF consensus motif in this cluster supports previous evidence for

the loss of ESEs as an important cause of human inherited disease

(Sanford et al. 2009). Finally, there are a striking number of ESEs

and ESSs that are relatively untouched by disease-causing muta-

tions but appear to be more polymorphic in different human

populations. These data suggest at least two non-mutually exclu-

sive possibilities. The first is that those hexamers that are over-

represented in the SNP data set may be redundant with the function

of other hexamers and hence more prone to variation across hu-

man populations. Alternatively, the polymorphic ESRs identified

here may be associated with allele-specific alternative splicing that

confers a gain of fitness rather than a disease phenotype (Fraser and

Xie 2009). Each of these hypotheses will require further testing.

As described above, we investigated the function of a specific

ESS hexamer, ACUAGG (Fig. 2D), that has been created de novo by

no fewer than 83 different single nucleotide substitutions (both

mis-sense and nonsense) in 67 different genes as a cause of hu-

man inherited disease (see Supplemental Table 4). Reporter con-

structs derived from three different disease genes—OPA1, TFR2, and

PYGM—all demonstrated that ACUAGG promotes skipping of test

exons derived from the mutant alleles of each gene. We also pre-

pared a reporter construct corresponding to an ACUAGG intro-

duction near the 39ss of exon 13 from MYH7. This mutation failed to

induce appreciable skipping of the test exon (data not shown). For

the case of ACUAGG insertion in OPA1, the effects of this ectopic

silencer element on exon skipping appear to be mediated, at least in

part, by SRp20 and possibly PTB. This is somewhat surprising since

SR proteins are typically thought to promote exon inclusion by

binding to splicing enhancers (Ram and Ast 2007). It is possible that

interactions between SRp20, PTB, and other hnRNPs create an exon

silencing complex that promotes exon skipping. A comprehensive

analysis of PTB–RNA interactions identified many examples of al-

ternative cassette exons that are skipped through the action of PTB-

binding sites located near the 59-splice site (Xue et al. 2009). Our

data suggest that the ACUAGG hexamer is a potent splicing silencer

that functions at both 59- and 39-splice sites.

The impact of premature termination (nonsense) codons on

gene expression remains an important consideration in the eluci-

dation of the pathogenic basis of disease-causing mutations. It

is now well established that the NMD pathway plays a central role

in preventing the accumulation and translation of nonsense-

containing mRNA isoforms (Maquat 2004; McGlincy and Smith

2008). However, PTCs are also suggested to directly influence al-

ternative splicing decisions (Wang et al. 2002; Wachtel et al. 2004).

The most plausible model is that PTCs disrupt ESEs and induce

exon skipping (Liu et al. 2001; Cartegni et al. 2002; Pagani et al.

2003; Zatkova et al. 2004). Our results presented in Figure 5 extend

this model by suggesting that such a surveillance mechanismFigure 4. Identification of trans-acting factors implicated in skipping of
the ACUAGG-containing OPA1 allele. (A) RT-PCR analysis of OPA1 splicing
reporters from HeLa cells cotransfected with non-targeting siRNA (NTi),
SRSF3 siRNA (SRp20i), PTBP1 siRNA (PTBi). Lanes 1–3 and 4–6, wild-type
and mutant reporters, respectively. Statistical hypothesis testing on means
was executed using a Welch t-test for normal data with unequal sample
size and variance using a-values of (*) 0.05, (**) 0.01, and (***) 0.001.
(B) Western blot showing relative depletion of SRp20 and PTB as com-
pared to the GAPDH loading control. (C ) Model for aberrant splicing by
‘‘ACUAGG’’ ESS. A point mutation creating the sequence ACUAGG results
in recruitment of a silencer complex that may contain SRp20 and mem-
bers of the hnRNP protein family, either directly or indirectly bound to the
RNA sequence. The complex is involved in deterring inclusion of the
mutant exon via mechanism(s) that still remain to be determined.

Figure 5. An overview of the nonsense codon sequence bias in exonic
splicing regulators. Bars correspond to the nonsense-coding potential of
ESR loss or gain, the proportion (expressed as a percentage) of 3-mers
matching UAG, UGA, or UAA out of total 3-mers. For ESR loss, this was
calculated via simulated mutation based on HGMD transition/trans-
version probabilities (Supplemental Fig. 2). For all human internal exonic
3-mers, the nonsense-coding potential was calculated using the same
algorithm as the ESRs, except using a set of all human internal exonic
sequences instead of ESR hexamers. The frequencies were normalized,
and the values for the data given for ESR loss or gain were analyzed sta-
tistically (P-values from x2 goodness-of-fit test) using an a-value of (***)
0.001.
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might evolve via the acquisition of ESR sequences to counteract

PTC-containing exons associated with a greater likelihood of

skipping. The apparent bias of ESR sequences toward potential

nonsense codons would appear to be the most logical explanation

for nonsense-associated altered splicing (Valentine and Heflich

1997). To test this postulate, we examined the very first observa-

tion of NAS where exon skipping was observed in the fibrillin

(FBN1) gene due to a nonsense-causing T > G transversion 26 bp

from a constitutive 39-splice site (Dietz et al. 1993). Consistent with

our model, the mutation appears to create a disease-enriched si-

lencer CUUAGG (Supplemental Table 4, binomial P-value < 2.2 3

10�16), with the core of the motif containing the previously ob-

served nonsense codon, UAG. We suspect that many NAS obser-

vations may be consistent with this model due to ESR sequence

bias or else attributable to PCR amplification artifacts after NMD

(Cartegni et al. 2002). It remains to be determined if such a

mechanism might arise as an attempt to preserve the transcript at

the expense of a single exon or as a hammer to ensure that NMD is

successfully elicited by the PTC.

Methods

Data set preparations
Mutations from the Human Gene Mutation Database (HGMD;
http://www.hgmd.org) and SNPs (30%–50% heterozygosity) from
the 1000 Genomes Project (http://www.1000genomes.org) were
extracted and mapped to hg19 internal exons as annotated by the
UCSC Known Gene track (Karolchik et al. 2008). Intersecting al-
leles found in both the HGMD and SNP data sets were removed
from the SNP data set. Biallelic SNPs whose ancestral allele could
not be determined were also removed from the SNP data set. Alleles
mapping to within the first 3 bp from a splice site were removed
from the SNP data set due to possible splice-site consensus se-
quence overlap. HGMD mutations were divided into subsets cor-
responding to the nearest splice site (59 or 39) and according to
whether the mutation mapped to constitutive or alternative exons
using the UCSC Alt Events track. As a quality control measure,
HGMD mutations mapping past half the average HGMD exon
length (144 bp) from a splice site were also removed, leaving only
mutations within 3 to 72 bp from the nearest splice site.

Odds ratios and binomial estimation

ESE loss was defined as an event involving a directional change
from one allele to another that served to convert an ESE to neutral
or an ESS. ESE gain was defined as an event involving a change
from either neutral or ESS to an ESE. We counted the numbers of
HGMD mutations or SNPs causing ESE loss/gain. An odds ratio
(OR), was calculated given

OR =
P eventjHGMDð Þ=[1� P eventjHGMDð Þ]f g

P eventj SNPð Þ=[1� P eventj SNPð Þ]f g ;

where the event can be loss or gain of a given ESE hexamer and
P(loss|data set) = 1 � P(gain|data set). Odds ratios are plotted as
bars, with 95% confidence intervals (two-tailed) as error bars cal-
culated using standard methods (Pagano and Gauvreau 2000). The
same assumptions and calculations were used when considering
loss or gain of ESS hexamers in neutral SNP and HGMD data sets.

To assess the significance of the enrichment of individual ESE
hexamers in the HGMD data set as compared to the neutral SNP
data set, we used the binomial distribution. For each hexamer i, the
probability of P(HGMD[i] = k) is distributed such that HGMD[i] ;

Bin(n, p[i]), where HGMD[i] is a random variable corresponding to

the number of mutations causing loss of a particular ESE, p[i] is the
neutral background probability for the particular hexamer to be
targeted for loss, and n is the total number of HGMD mutations
causing loss of any ESE. The neutral background probability (p[i]) for
each ESE hexamer i is calculated as the number of times a neutral
SNP causes loss of i plus a pseudocount normalized over the total
number of SNPs causing loss to ESEs (SNP[i] + 0.5/+i (SNP[i] + 0.5)).
Based on large values for n and exceptionally low values for p[i],
binomial P-values are approximated using the Poisson distribution
such that l[i] ; np[i]. We also applied this to ESE gain and both ESS
loss and ESS gain, each with their own set of neutral background
probabilities. For any mutation that alters multiple ESR hexamers,
only the hexamer with the lowest binomial P-value is used in
statistical tests. The significance of each P-value is determined for
multiple hypotheses using a Benjamini-Hochberg false discovery
rate (FDR) of 5% (Benjamini and Hochberg 1995).

Conservation of ESE loss hexamers

To assess the evolutionary conservation of lost ESE motifs, we
calculated the average phyloP score from multiple orthologous
alignments of 46 placental mammals (Karolchik et al. 2008; Pollard
et al. 2009) for each ESE hexamer ablated by a directional allele.
Typically, phyloP scores are used to determine the conservation of
individual sequence alignment columns between species, given
a null model of neutral evolution at single nucleotide resolution.
These scores in the human genome range from values as low as
�13.79 to 2.94 representing the �log10(P-value) to reject the null
hypothesis. In this study, the average phyloP score is used to de-
termine the relative conservation of hexamers rather than as a
strict statistical test. Using each ESE phyloP score and its corre-
sponding distance to the nearest exon–intron boundary, we per-
formed two-dimensional (2D) Gaussian kernel density estimation
and plotted the three-dimensional (3D) density using R. To com-
pare the distribution of phyloP scores for ESEs disrupted by HGMD
mutations to that due to chance alone, we randomly sampled
13,000 hexamers from both the HGMD- and SNP-targeted exons
that did not match a hexamer in the ESE data set. We also sampled
an equal size of random hexamers containing HGMD mutations
that did not cause loss or gain of known ESRs. Statistical hypothesis
testing on means was executed using a Welch t-test for normal data
with unequal sample size and variance using a-values of (*) 0.05,
(**) 0.01, and (***) 0.001. Given such large sample sizes, normality
assumptions are approximately satisfied through the asymptotic
relationship to the normal distribution provided by the central
limit theorem. Additionally, we performed a non-parametric al-
ternative, the Wilcoxon rank-sum test, which provided similarly
significant P-values for each test shown.

Splicing reporter assay and RNAi

To assess the functional relevance of non-synonymous HGMD
mutations to splicing, DNA inserts containing the entire exon plus
50 bp of flanking intron sequence for both the matched wild-type
and mutant versions of selected mutations were created using
Custom Gene Synthesis from IDT (http://www.idtdna.com) flanked
by NdeI and BglII restriction sites. Test alleles were subcloned from
the pSMART vector using NdeI and BglII restriction sites into the
pSC14mw vector. All constructs were validated by sequencing.
Splicing reporters were transiently transfected into HeLa and 293T
cells in six-well plates using Lipofectamine 2000 (http://www.
invitrogen.com) following the manufacturer’s instructions. Cells
were harvested 24 h post-transfection, and cytoplasmic RNA was
subsequently isolated using Tri-Reagent LS (Sigma-Aldrich). RNA
samples were converted to cDNA using GoScript (Promega). One
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hundred nanograms of cDNA was used as templates for PCR using
Bulls Eye rTaq (Midwest Scientific). The sequences of the PCR
primers used in this study are the following: Reporter Forward,
CAAACAGACACCATGGTGCACC; Reporter Reverse, AACAGCATC
AGGAGTGGACAGATC; SRSF6 Forward, TACGGCTTCGTGGAGT
TCGAG; SRSF6 Reverse, TCTTGCCAACTGCACCGACTAG. Fol-
lowing PCR, the amplicons were purified using Purelink micro-
centrifuge columns (Invitrogen). Amplicons corresponding to
alternative mRNA isoforms were separated with 6% (29:1) poly-
acrylamide gel electrophoresis and visualized using syberSAFE
staining (Invitrogen). Bands corresponding to exon inclusion and
exclusion were cut out and validated by DNA sequencing (data not
shown). The linearity of the PCR reaction was confirmed by
assaying splicing at increasing PCR cycles (Supplemental Fig. 12).
For the experiments described above, quantification was per-
formed following 29 cycles of PCR. Ratios corresponding to splic-
ing efficiencies (% exon inclusion) were used to assay the effects of
single nucleotide substitutions between samples rather than the
absolute amount of each product. Molar ratios of mRNA isoforms
were quantified using peak integration on a DNA1000 chip using
an Agilent 2100 Bioanalyzer. To assay for activity of nonsense-
mediated decay, we treated cells with 100 mg/mL emetine dihy-
drocholoride hydrate (Fluka) 10 h before harvesting.

For the RNA interference assay, HeLa cells were transiently
cotransfected with both the construct and appropriate siRNA
(NTi, SRp20i, or PTBi) using DharmaFECT Duo (http://www.
thermoscientific.com) according to the manufacturer’s instruc-
tions and harvested at 48 h post-transfection. Nuclear protein was
resolved on Novex 10% bis tris polyacryamide gels and transferred
to Immobilon FL (Millipore) using a Genie Blotter (Idea Scientific).
Antibodies corresponding to PTB (mAb BB7), SRp20 (Sigma-
Aldrich), and GAPDH (Calbiochem) were visualized with fluores-
cent-labeled secondary antibodies (GE) using the Fluoro-Chem
Q system (Cell Bioscience). Following purification of cytoplasmic
RNA using Tri-reagent LS, amplicons were generated using One-
step RT-PCR (Invitrogen), and the following cycling program: 30
min at 55°C; 2 min at 94°C; and 30 cycles of 30 sec at 94°C, 30 sec
at 59°C, and 60 sec at 72°C.

RNA affinity chromatography

RNA affinity chromatography was performed as previously de-
scribed (Caputi and Zahler 2001) with the following modifications:
For the OPA1 ligands, we selected a region 35 nt upstream of and 25
nt downstream from the 59-splice site from exon 12 of the OPA1
gene. Both the wild-type and mutant alleles were sequenced using
IDT Custom Gene Synthesis. RNA was transcribed in vitro using T7
RNA polymerase (Ambion) and gel-purified from 6% (19:1) poly-
acrylamide gels. Fifteen hundred picomoles of purified RNA was
oxidized by metaperiodate treatment and coupled to adipic acid
dihydrazide agarose beads (Sigma-Aldrich). 1.5 mg of HeLa nuclear
extract was incubated with the beads coupled to wild-type or
mutant RNA bait, washed, and eluted with increasing concentra-
tions of KCl. One-half of the sample was resolved by 10% Novex
Nupage gel electrophoresis and silver-stained (Silver SNAP; BD
Bioscience). The remaining half was precipitated with 20% TCA
and washed in acetone. The protein pellet was analyzed by Mud-
PIT Mass spectrometry at the Vincent J. Coates Proteomic Labo-
ratory at University of California, Berkeley. Differences in peptide
coverage between the wild-type and mutant eluates were quanti-
fied using MASCOT (Perkins et al. 1999), and peptide spectra
from each sample were compared using CONTRAST (Tabb et al.
2002). A complete table of all peptides identified in both eluates
can be found in Supplemental Tables 5 and 6. Criteria settings for
CONTRAST can be found in Supplemental Table 7.
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