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Completion of the human genome sequence provides evidence for a gene count with lower bound
30,000–40,000. Significant protein complexity may derive in part from multiple transcript isoforms. Recent
EST based studies have revealed that alternate transcription, including alternative splicing, polyadenylation and
transcription start sites, occurs within at least 30–40% of human genes. Transcript form surveys have yet to
integrate the genomic context, expression, frequency, and contribution to protein diversity of isoform variation.
We determine here the degree to which protein coding diversity may be influenced by alternate expression of
transcripts by exhaustive manual confirmation of genome sequence annotation, and comparison to available
transcript data to accurately associate skipped exon isoforms with genomic sequence. Relative expression levels
of transcripts are estimated from EST database representation. The rigorous in silico method accurately identifies
exon skipping using verified genome sequence. 545 genes have been studied in this first hand-curated assessment
of exon skipping on chromosome 22. Combining manual assessment with software screening of exon boundaries
provides a highly accurate and internally consistent indication of skipping frequency. 57 of 62 exon skipping
events occur in the protein coding regions of 52 genes. A single gene, (FBXO7) expresses an exon repetition.
59% of highly represented multi-exon genes are likely to express exon-skipped isoforms in ratios that vary from
1:1 to 1:>100. The proportion of all transcripts corresponding to multi-exon genes that exhibit an exon skip is
estimated to be 5%.

Gene expression products can have variable forms, character-
ized by alternate start sites of transcription and polyadenyla-
tion (Gautheret et al. 1998), exon skipping, and alternate do-
nor and acceptor sites at exon boundaries (Mironov et al.
1999a; Brett et al. 2000; Croft et al. 2000). Exon skipping in
transcript isoforms is the most frequent event altering the
protein coding sequence of genes (Mironov et al. 1999b; In-
ternational Human Genome Sequencing Consortium 2001)
(http://industry.ebi.ac.uk/∼thanaraj/gene.html). Surveys of
the incidence of alternative splicing, including exon skipping,
have been performed (Andreadis et al. 1987; Iida 1997; Val-
entine 1998; Thanaraj 1999), and a growing number of anec-
dotal observations confirm the utilization of exon-skipped
transcripts in developmental (Dufour et al. 1998; Lambert de
Rouvroit et al. 1999; Lim et al. 1999; Unsworth et al. 1999;
Kawahara et al. 2000), tissue-specific (Zacharias et al. 1995),
and disease-specific (Jiang and Wu 1999; Mercatante and Kole
2000; Strehler and Zacharias 2001) states.

Several approaches have successfully used hybridization
experiments both in silico (Wolfsberg and Landsman 1997;
Gautheret et al. 1998; Mironov et al. 1999b; Thanaraj 1999;
Beaudoing et al. 2000; Brett et al. 2000; Croft et al. 2000;
Schweighhoffer 2000; International Human Genome Se-
quencing Consortium 2001) and in vitro (Schweighhoffer
2000; Strehler and Zacharias 2001) to assess alternate tran-

script diversity. Nevertheless there are difficulties with inter-
pretation of the results that include (1) the existence of gene
families, paralogs, gene copies, and pseudogenes that have
similar DNA sequences, providing false positive hybridiza-
tion; (2) the existence of orphan genes that are located in the
complementary strand of intronic or flanking regions (Miro-
nov et al. 1999a); (3) insufficient representation of expressed
sequence data in public expressed sequence tag (EST) data-
bases to identify all transcript isoforms.

We have taken an exhaustive approach to the detection
of exon skipping from carefully annotated, protein-confirmed
genes to maximize the accurate assessment of the degree of
isoform diversity.

RESULTS
To develop an unambiguous assessment of the degree to
which exon skipping contributes to expressed transcript iso-
form diversity, and to assess the impact on protein coding of
exon-skipping events within coding regions of transcripts
from known genomic loci, we have compared ESTs to 545
annotated genes on chromosome 22. Although no standard
measure of relative spliceform frequencies for human genes
exists, coverage of exon boundaries by ESTs provides a mea-
sure of the diversity of isoforms for a particular gene. The
incidence of captured ESTs spanning exon junctions may also
provide a reasonable, though noncomprehensive, view of
transcript diversity and expression. Detection of transcripts
displaying exon skipping was performed using novel soft-
ware, j_explorer, which reduced the complexity of the
gene sequences to a set of possible splice junctions that were
used to search public EST databases to identify ESTs spanning
the annotated exon–exon junctions. The software employs
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standard data format (EMBL sequence format) and visualiza-
tion tools (ARTEMIS, Rutherford et al. 2000) in the analysis
(http://www.sanbi.ac.za/exon_skipping/). Removal of single
and double exon genes reduced the set to 347 multi-exon
genes (Table 1), of which 10 were annotated previously in
literature or public databases as having experimentally con-
firmed exon skips (Table 2). Exon-skipping events were re-
corded when all original junctions involved in the skipping
event, including flanking exons, were confirmed by EST se-
quences. All ESTs supporting exon-skipping events were sub-
sequently confirmed to be unambiguous transcripts of the
corresponding gene and not products of paralogous genes,
pseudogenes, or related members of an extended gene family
by BLAST searches against the nonredundant (nr) database at
NCBI. Highly specific identification of exon-skipping and
exon-repetition events has resulted.

Sensitivity was assessed using the 10 genes with experi-
mentally confirmed exon skipping. j_explorer accurately
identified the previously reported skipped exons in four of the
genes (NF2, ADSL, CLTCL, and GGT1). Novel isoforms were
detected in EWSR1, PLA2G6, and GGT1 (Table 2), whereas
previously described exon-skipping events in four genes
(CACNA1I, BZRP, MTMR3, SEP3) were not detected because
ESTs mapping to these exon junctions were not available in
the public EST databases. The approach yields zero false posi-
tives, as confirmed by available mRNA and genomic data, and
provides a solid basis for the development of models of tran-
script diversity that can be generated from a single gene.

We have discovered 62 exon-skipping events in 52 genes
(Table 2); 57 of the 62 (92%) exon-skipping events occur
within the protein-coding region. The remainder occur in ei-
ther the 3� (1/62) or 5� (4/62) untranslated region (UTR). In
31/62 (50%) of cases the reading frame is maintained but
regions are deleted. In 18/62 cases (29%) the introduction of
a skip destroys the reading frame resulting in a frame shift.
Proteins for the remaining 8/62 (13%) could not be recon-
structed. In four cases an alternative stop codon is used,
whereas in five cases there is an alternative start codon intro-
duced.

Gene transcripts were scanned for exon repetition using
similarity searching of repeated exon constructs against pub-
lic EST data. A single tandem repetition of exon 2 of the F-box
protein (NM_012179) was detected with high identity to EST
AA569698. Exon repetition has only previously been reported
in rodents (Frantz et al. 1999).

Ratios of transcript isoforms are difficult to resolve using
only EST data, however using the relative capture frequency
of skipped exons as a measure provides an indication of the
incidence of more commonly occurring isoforms (four or

more ESTs confirm the isoform with exon skipping in:
CLTCL1, ADSL, GGT1, GSTT1, HMG2L1, MFNG, dJ222E13.1)
as compared to rarer isoforms. In 47/62 (76%) cases, the ref-
erence isoform, constructed from the genomic EMBL entry, is
represented more frequently than a skipped exon isoform
(Table 2).

The degree to which the level of gene expression, and
hence database representation, affects the probability of find-
ing a skipped transcript was assessed using the number of EST
exon–exon junction captures per gene as a relative measure of
transcript representation. Three categories comprising equal
gene numbers were selected: low capture, which corresponds
to <14 EST matches per gene; medium capture, those from 14
to 50 EST matches per gene; and high capture, those with 50
or more EST matches per gene (Table 3). Forty-four genes had
no matches to ESTs. We found that 33 have >50 EST matches
per gene and that >60% of genes that demonstrate exon skip-
ping have large numbers of ESTs matching to them. Although
no relationship between degree of gene expression and extent
of skipping can be determined from this study, the degree to
which exon junctions are represented in transcripts reveals
that highly represented genes demonstrate skipping more fre-
quently. Ten of the 17 (59%) most highly represented multi-
exon genes show exon skipping and of these, three (18%)
express more than one isoform (Table 2, http://
www.sanbi.ac.za/exon_skipping).

To calculate the proportion of mRNAs that may contain
a skipped exon we treat each EST spanning an exon junction
as an independent sample of the exon junctions. The number
of times an EST spans an exon junction is 23,922. The number
of times an EST spans a nonconsecutive junction is 149. The
number of times an EST spans a consecutive junction is
23,773. From this we estimate that the probability that a
given exon junction in a given mRNA is nonconsecutive is
∼f = 149/23,773. There are 2893 exon junctions in the 347
multi-exon genes, therefore the average number of exon junc-
tions per multi-exon genes is m = 2893/347. The probability
that a given multi-exon mRNA has at least one nonconsecu-
tive exon junction is therefore 1 � (1 � f)m = 0.051. As this
estimate is derived from a large sample of exon junctions, it
may be applicable as a genome-wide estimate.

DISCUSSION
Our approach precisely identifies exon skipping when EST
transcript data that spans exon boundaries is available. The
number of ESTs that cover an exon–exon boundary deter-
mines the likelihood of discovering an exon skip, but capture
of exon-skipping events are dependent on the ratio of low-
abundance to high-abundance isoforms of transcripts from
the gene. The depth of transcript representation in EST data-
bases, level of expression, and number and length of exons all
contribute to the complexity of estimation of the number of
genes that may have exon-skipped expressed transcripts. Es-
timation of the genome-wide extent of exon skipping is sup-
ported here by 52 of 347 multi-exon genes (∼15%). This con-
servative estimate reflects the fact that only 68% of exon–
exon junctions have EST coverage, and that this coverage is
skewed towards over-representation of the 3� UTRs. In con-
trast, 59% of multi-exon, highly EST-represented genes pre-
sent exon skipping. If exon skipping is independent of the
level of expression of a gene, then 59% of all multi-exon genes
could exhibit skipping. The fact that increasing EST coverage
results in the detection of increasing numbers of exon-

Table 1. Selection and Exon Structure of Genes for Study

Number of multiple-exon genes selected for study 347
Number of exons 3240
Number of exon junctions 2893
Mean exon length 254 bp
Minimum exon length observed 8 bp
Maximum exon length observed 7660 bp
Maximum number of exons observed in one gene 54

We selected 347 multiple-exon genes of a total 545 genes present
on chromosome 22 for study. Those removed included 134
single-exon genes and 64 double-exon genes that could not be
assessed for exon skipping.
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Table 2. Identification of Chromosome 22 Genes with Unambiguous Transcripts of Exon-Skipped Isoforms

Locus name
Skipped
exon(s)

Effect of
exon skip

No. ESTs
confirming
exon skip

Average no. ESTs
confirming

reference isoform Database annotation

J_explorer identified an experimentally confirmed isoform
CLTCL1‡ 29 C+ 6 4.0 Clathrin heavy polypeptide-like 1
ADSL‡* 12 3� 11 63.0 Adenylosuccinate lyase
NF2‡ 2–3 C f/s 1 5.7 Neurofibromatosis 2 (bilateral

acoustic neuroma)
J_explorer identified an experimentally confirmed isoform and a novel isoform
GGT1‡ 7 C f/s 2 — Gamma-glutamyltransferase 1

3 5� 4 —
J_explorer identified a novel isoform and not the experimentally confirmed isoform
PLA2G6‡ 3 + 5 C f/s 2 1.5 Phospholipase A2 groups VI
EWS‡* 6 C+ 1 48.0 Ewing sarcoma breakpoint region 1
Novel exon skipping events identified by J_explorer
ATP6E* 2 C+ 1 73.5 ATPase H+ transporting lysosomal

(vacuolar proton pump)
5–7 C+ 3�t 1 38.0 31kD

MIL1 3 C+ 2 13.0 Homo sapiens MIL1 protein
UFD1L* 2–3 C+ 3�t 1 21.7 Ubiquitin fusion-degradation 1-like
TR 13 C+ 1 6.0 Thioredoxin reductase beta
ARVCF 19 C+ 1 1.5 Armadillo repeat gene deletes in

velocardiofacial syndrome
AC005500.4 2–3 C+ 1 5.4 Zinc finger protein
PIK4CA 36–42 C f/s 1 5.6 Phosphatidylinositol 4-kinase

catalytic alpha polypeptide
BCR 20 C f/s 1 5.5 Active BCR-related gene
AP000350.2 5 C+ 2 1.0 Similar to glucose transporters

SW:P22732
GSTT1 2 C f/s 4 7.5 Glutathione S-transferase theta 1

2–3 C f/s 1 8.0
3–4 C+ 1 9.3

AC004997.1† 5 C N/A 1 4.0 GATS protein
5–6 C+ 1 4.0

SEC14L2 10 C f/s 2 4.5 SEC14 (S. cerevisiae)-like 2
SMTN† 14–15 C N/A 1 5.7 Smoothelin
dJ858B16.1 27 C+ 3�t 1 2.3 Homo sapiens mRNA for KIAA0542

protein complete cds.
AC005004.1 22–23 C+ 2 1.7 Homo sapiens mRNA for KIAA0645

protein complete cds
HMG2L1 2 5� 4 1.5 High-mobility group protein

2-like 1
5 5� 1 4.0

2 + 5 5� 1 4.6
CE132D12.1 6 C f/s 1 21.5 Similar to RAS-related protein

7 C f/s 5 46.0 RAB-5A (HS)
MFNG† 2 C+ 1 16.0 Manic fringe (Drosophila) homolog
LGALS1* 3 C f/s 5 >100.0 Lectin galactoside-binding soluble

1 (galectin 1)
GCAT 2–3 + 5 C N/A 1 2.8 Glycine C-acetyltransferase

(2-amino-3-ketobutyrate-CoA
ligase)

dJ1014D13.1* 12 C+ 1 >100.0 Weakly similar to casein kinase 1
homolog HRR25

GTPBP1 2 C+ 5�t 8 17.0 GTP binding protein 1
dJ508I15.1 2 C+ 5�t 1 8.0 Novel human gene mapping to

chromosome 22
dJ508I15.4 3 C N/A 1 1.5 Homo sapiens mRNA for KIAA0668

protein
RPL3†* 8 C+ 7 >100.0 Ribosomal protein L3
dJ1042K10.2 2 C+ 5�t 1 10.5 Similar to C. elegans predicted

protein with probable rabGAP
domains and src homology

SLC25A17 2–4 C f/s 1 9.0 Solute carrier family 25
3–4 C+ 2 9.0 (mitochondrial

carrier-peroxisomal membrane
protein 34kD) member 17

ST13* 8 C f/s 1 17.5 Suppression of tumorigenicity 13
(Hsp 70-interacting protein)
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skipping events indicates that exon-skipped transcripts are
relatively rare. We have estimated the probability of detecting
an exon-skipped transcript from a pool of multi-exon tran-
scripts to be ∼5%. More sensitive transcript capture tech-
niques may discover exon skipping to be far more widespread
than the previous estimates of ∼10%–∼20% (Mironov et al.
1999a; Croft et al. 2000) (http://industry.ebi.ac.uk/∼thanaraj/
gene.html), which have been based on EST frequency-
independent measures. Expression studies will clarify the re-
lationship between level of expression and degree of exon

skipping in transcripts. The diversity of skipped-exon tran-
script forms is likely to contribute significantly to the diver-
sity of protein products encoded by the genome, especially
because the ratio of skipped isoforms of transcripts appears to
vary widely, which is likely to have significant functional im-
pact on the proteins for which they code. At least 50% of exon
skips that we have detected result in in-frame deletions in the
predicted protein products. In 29% of cases, exon skipping
results in a disruption of the reading frame which may change
or disrupt the function of the protein product. Functional

Table 2. (Continued)

Locus name
Skipped
exon(s)

Effect of
exon skip

No. ESTs
confirming
exon skip

Average no. ESTs
confirming

reference isoform Database annotation

RBX1 2 C f/s 3 50.5 Ring-box 1
3–4 C+ 3�t 1 92.0

PMM1 4 C f/s 1 24.5 Phosphomannomutase 1
TCF20 (AR1)† 3 C N/A 1 5.0 Transcription factor 20 (AR1)
dJ222E13.3† 7 C f/s 2 12.0 Weak match to Arabidopsis RNA

and export factor binding
protein

dJ222E13.1 8–9 C f/s 5 2.0 Novel protein with some similarity
to Drosophila KRAKEN

bK1191B2.3† 3 C+ 4 2.0 Weakly similar to dJ1118
COA-ACYL carrier protein
transacylase

dJ796I17.2* 3 C+ 1 27.0 CGI-51
NPAP60L 4 C N/A 1 11.5 Nuclear pore-associated protein

60L
dJ355C18.1 9 C+ 1 1.5 Matches KIAA0027 gene with weak

similarity to GTPase activating
protein

ECGF1 5 C N/A 1 3.0 Endothelial cell growth factor 1
(platelet-derived)

GTSE1 (B99) 8 C f/s 1 13.5 Homo sapiens G-2 and S-phase
expressed 1 (GTSE1),

dJ1163J1.4† 3 C+ 1 1.0 Novel protein similar to C. elegans
B0035.16 and bacterial tRNA
(5-Methylaminomethyl-2-
thiouridylate)-Methyltransferases

DGCR2 2–3 C+ 1 2.3 DiGeorge syndrome critical region
gene 2

AC007050.6 2 C N/A 1 11.0 Homo sapiens mRNA- from clone
DKFZp434G1017

UBE2L3 2 C+ 5�t 1 71.0 Ubiquitin-conjugating enzyme E2L3
DJ756G23.3 5 C+ 1 2.0 Similar to Tr:Q24191 Drosophila

TRANSCRIPTIONAL REPRESSOR
PROTEIN

bK212A2.1 2 C+ 3�t 1 — TNF-inducible protein CG12-1
mRNA

G22P1* 3 C+ 1 >100.0 Thyroid autoantigen 70kD (Ku
antigen)

We tested 347 multiple-exon genes on Chromosome 22 for exon-skipping events using J_explorer and EST sequences from GenBank 119.
Genes in which novel exon skipping events have been identified are ordered according to their relative physical organization along
chromosome 22. Genes are identified using the HUGO name if one exists. In the absence of a HUGO identifier, the accession number
of the sequence or the Sanger Centre clone name is used. Exon numbering is based on the exon structure of the original EMBL entries
obtained from the Sanger Centre. ESTs confirming a skip were required to span both the 3� and 5� flanks of the skipped exon. To
calculate the average number of ESTs confirming the reference isoform, the exon flanking ESTs in the reference isoform were totalled
and the sum divided by corresponding averaged number of junctions. In cases where the reference isoform was not represented in the
public EST databases, the sequence was confirmed using a corresponding experimentally-determined mRNA.

Skip location and context is denoted as follows: (C) skip occurs in protein coding region; (+) ORF remains unchanged; (3�) skip occurs
in 3� UTR; (5�) skip occurs in 5�UTR; (f/s) frameshift is introduced by skip; (5�t) alternative start codon is used; (3�t) alternative stop
codon is used; (N/A) not possible to reconstruct a protein; (†) genes (eight entries total) with an already-annotated exon skip in EMBL
entries; (‡) (six entries total) with experimentally-confirmed notation: 2–4 indicates that exons 2, 3 and 4 skipped exons; 2–3 +5
indicates that exons 2, 3 and 5 are skipped. Experimentally confirmed skipping events in the genes CACNA1I, BZRP, MTMR3, and SEP3
had no EST matches and are not included.
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roles for these protein isoforms remain to be explored experi-
mentally.

METHODS
j_explorer (available for download from http://
www.sanbi.ac.za/exon_skipping) was used to assemble exon
constructs from mRNA-annotated genomic sequences pro-
duced by the Human Chromosome 22 Sequencing Group at
the Sanger Centre (Chr22.genes.dna file at http://
www.sanger.ac.uk/HGP/Chr22/cwa_archive/Nature_02–12–
1999/Chr22Genes.tar.gz). Using a 50-bp tag from the 3� ter-
minus of the preceding exon and a 50-bp tag from the 5�
terminus of all downstream exons, a set of all consecutive and
nonconsecutive exon–exon junctions for each gene was cre-
ated. Each junction was submitted for similarity searching
against dbEST (human) using BLAST 2.0 (Altschul et al. 1990).
By combining junctions in a consecutive (i.e., exon 1–exon 2
junction) and nonconsecutive (i.e., exon 1–exon 3 junction)
manner the incidence of exon skipping was assessed. A skip-
ping event is reported when an EST is detected that does not
contain the exon(s) in question, but does contain an uninter-
rupted tag made up of 50 bp from each of the flanking exons.
Exon repetition was investigated by creating splice junctions
composed of the concatenation of the 3� and 5� 50-bp splice
junctions of the same exon. ESTs showing significant
(P<1 � 10�40) homology to an exon junction were extracted
and aligned to the corresponding genomic sequence using
sim4 (Florea et al. 1998). To exclude the possibility that ESTs
confirming exon-skipping events were the products of paralo-
gous genes or members of gene families, all ESTs identifying
exon skipping were confirmed to be unique to a single target
gene from Chromosome 22. Both interchromosomal and in-
trachromosomal specificity of the transcripts was confirmed
using BLAST with a cut-off score of 1 � 10�30. sim4 was em-
ployed where ambiguous matches were encountered. The re-
sulting ‘unambiguous transcripts’ can therefore be assigned
unambiguously to the correct gene of origin. The effect of
these transcripts on the reading frame of the protein for
which they code was assessed for frameshifts and in-frame
deletions. We have confirmed that the results contain no false
positives by manual analysis of all cases of possible misalign-
ments. All exon skips reported by j_explorer therefore rep-
resent valid skipping events. The identity and genomic loca-
tion of each the ESTs was converted into EMBL format and
added as annotation to the relevant EMBL sequence file. Se-
quences were then analyzed using ARTEMIS (Rutherford et al.
2000) and are presented together with supplemental informa-
tion, annotated EMBL entries, and links to ENSEMBL genes
and transcripts at http://www.sanbi.ac.za/exon_skipping. All
exon structure annotations for the genes used (both con-
firmed and predicted) were confirmed by manual inspection
to be correct. To prevent the detection of skips as a result of
incorrectly annotated exon boundaries we required that an
EST spanning consecutive (or linear) exon boundaries was
present in addition to the ESTs confirming the skip. All linear
junctions that could not be confirmed by ESTs resulted in that

junction being excluded from further analysis. To address
data consistency, we confirmed that in EMBL release 64 (Gen-
Bank 119) and 65 (GenBank 121) ∼68% of splice junctions are
covered with an EST. This figure does not vary significantly
between the two releases.

To determine the effect of exon skipping on protein pro-
duction, the genomic sequences of the 52 genes with exon-
skipping events affecting the coding sequence were compared
to the cognate mRNA using sim4. Exon-skipping events in
the first or last protein-coding exon were recorded as altering
the start/stop codon. A UTR-skipping event was recorded
when the exon skipped was located in either the 3� or 5� UTR.
When the skipped exon was located between two coding ex-
ons, framefinder (Slater 2000) was used to predict open
reading frames (ORFs) for the ESTs confirming the skip. If the
ORF showed homology to the protein isoform then it was
considered to be a valid representation of the protein isoform.
BLASTX alignment of the EST and the predicted protein was
used to determine whether or not the exon-skipping event
introduced a frameshift.
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