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Alternative pre–messenger RNA (pre-mRNA) splicing plays important roles in
development, physiology, and disease, and more than half of human genes are
alternatively spliced. To understand the biological roles and regulation of
alternative splicing across different tissues and stages of development, sys-
tematic methods are needed. Here, we demonstrate the use of microarrays to
monitor splicing at every exon-exon junction in more than 10,000 multi-exon
human genes in 52 tissues and cell lines. These genome-wide data provide
experimental evidence and tissue distributions for thousands of known and
novel alternative splicing events. Adding to previous studies, the results indicate
that at least 74% of human multi-exon genes are alternatively spliced.

Alternative pre-mRNA splicing is expected

to make an important contribution to the

complexity of the human proteome and at

least half of human genes are alternatively

spliced (1, 2). Alternative splicing (AS) has

been implicated in a wide and rapidly ex-

panding set of physiological and pathophys-

iological processes, and it has been estimated

that 15% of point mutations that cause human

genetic disease affect splicing (3). Full-length

cDNA sequencing projects supply gold-

standard transcript definitions and are mak-

ing substantial progress toward characteriza-

tion of mammalian transcriptomes (4, 5).

However, these sequencing-based approach-

es are labor-intensive and expensive, and

characterization of transcripts across all dis-

ease states, tissues, and stages of develop-

ment remains a distant goal. Expressed se-

quence tags (ESTs) provide evidence of a

vast number of alternative isoforms, but sys-

tematic studies of AS using ESTs are ham-

pered by protocol differences, transcript end

bias, and library coverage limitations (6).

Recent experiments have illustrated the prin-

ciple that microarray or fiber-optic array

probes can monitor splicing events (7–12),

and the idea of using probes positioned at

exon-exon junctions to monitor splicing was

suggested as early as 2000 (13).

Here, a set of five microarrays containing

�125,000 different 36-nucleotide (nt) junc-

tion probes were used to monitor the exon-

exon connections of 10,000 multi-exon genes

across 52 diverse samples. Splicing predic-

tions from the array data were used to guide

reverse transcriptase–polymerase chain reac-

tion (RT-PCR) and sequencing validation ef-
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Fig. 1. Confirmation
and tissue distribution
of OCRL1 mRNA iso-
forms. (A) Each matrix
point shows the natu-
ral log intensity (cy3)
of one junction probe
in one tissue. Probes
complementary to the
19 junctions of the
longer OCRL1 isoform
(NM_000276.1) are
ordered horizontally,
5� to 3�. The four 5�-
most exons did not
map to the genomic
contig and were ex-
cluded. Hybridization
samples form the ver-
tical axis of each ma-
trix. (B) Predictions
derived from the dif-
ference between mod-
eled and observed
intensities are color-
coded by confidence.
A score of 3 (dark
blue) indicates the
greatest deficit in ob-
served intensity rela-
tive to the intensity
expected by the mod-
el. (C) RT-PCR prod-
ucts from primers
placed in exons flank-
ing junctions 14 and
15 [exons 17 and 20 in
previous studies (15)], with predictions from (B). Gray, samples not used in array experiments; black, samples where array data indicate OCRL is not
expressed. Numbers to the left represent sequence lengths in basepairs (bp).
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forts to specific transcript locations. This ar-

ray-guided approach provides evidence of tis-

sue-specific AS in thousands of genes and

has allowed us to identify and sequence-

verify splice variants not represented current-

ly by ESTs or mRNAs. Because the expres-

sion level of every transcript is measured by

two replicates for each exon-exon junction,

these experiments also provide robust esti-

mates of gene expression for each of the

10,000 genes in each sample (fig. S1). All

expression data are freely available in the

GEO database (14), accession number

GSE740.

Hybridization data from the junction probes

of each transcript were analyzed across 52 con-

ditions to identify tissue-specific splicing differ-

ences. Intensities for junction probes were

modeled as a function of probe response and

tissue-specific expression level and empirically

fit by assuming all exons in the transcript are

present. Deviation between the observed and

modeled intensities for a probe resulted in pre-

diction of a tissue-specific splicing event. The

predictions were scored from 0 to 3, where 3

indicates the greatest difference between pre-

dicted and observed intensities in both repli-

cates. The result is a genome-wide set of tissue-

specific predictions of AS.

Figure 1 shows example output for

OCRL1, a gene with two known alternatively

spliced mRNAs, one previously observed in

retina and fetal brain (NM_000276) and a

shorter form (NM_001587) observed in kid-

ney that lacks a 24-nt exon (15). The data

show decreased intensity for the two junction

probes that flank this exon in many of the 52

conditions, consistent with an exon-skipping

event. The tissue-specific accuracy of these

predictions was confirmed by RT-PCR and

sequencing. For every tissue with a predic-

tion score of 3, a mixture of the two OCRL1

isoforms is observed (Fig. 1). Likewise, for

tissues with prediction scores of 0 (all of

which are brain subregions), the long form is

predominant. The only neuronal samples

with high prediction scores are from the cor-

pus callosum and spinal cord, and both of

these also contain a prominent shorter form.

The example of OCRL1 shows that junction

arrays can correctly detect tissue-specific reg-

ulation for alternative isoform mixtures.

The gene coding for �-amyloid precursor

protein (APP) has three known alternative iso-

forms, presenting a more challenging mixture

case. Figure 2 shows the array data and result-

ing AS predictions relative to the longest iso-

form of APP (NM_000484). Two APP iso-

forms, NM_000484 and X06989, are present in

most nonneuronal samples, e.g., melanoma and

lung carcinoma. Tissues 5 to 14, all of which

are brain regions, have high prediction scores

for junctions 7 and 8, suggesting that exon 8 of

NM_000484 is skipped in these tissues. Fetal

brain tissue also has a high prediction score for

junction 6, suggesting that exon 7 is also un-

derrepresented in APP transcripts in that tissue.

These predictions were also confirmed by RT-

PCR and sequencing.

Junction array predictions also occurred in

regions of genes not previously known to un-

dergo AS, including the 3-hydroxy-3-methyl-

glutaryl coenzyme A (HMG-CoA) reductase

(HMGCR) gene, which encodes the target of

the statin class of cholesterol-lowering drugs.

Previous work suggested the existence of a

lower molecular-weight version of HMGCR

that may be resistant to statins (16). Figure 3

shows that junctions 12 and 13 have a pattern

consistent with an exon-skipping event in a

large number of the samples. RT-PCR of this

Fig. 2. Detection and validation of the known isoforms of APP. (A)
Observed intensities and (B) AS prediction scores of junction probes
designed to hybridize to NM_000484.1 with colors as in Fig. 1.
Samples are ordered alphabetically and listed in table S3. (C) Exon-

structure diagram of the three GenBank mRNA isoforms of APP. Red
dotted lines link identical junctions. (D) RT-PCR results from a primer
pair hybridizing to exons 6 and 9. Numbers to the right repre-
sent bp.
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region showed two bands in most of the 44

tissues, one corresponding to the expected

length and a shorter form. Sequencing revealed

that the 255-nt fragment was missing exon 13,

confirmed by isolating the full-length clone

from a human liver library and later corrobo-

rated by deposition of GenBank clone

21707181. The novel isoform was present as a

mixture with the known isoform in every hu-

man tissue tested, with the exception of periph-

eral leukocytes in which only the novel isoform

band was visible. However, it is unlikely that

the variant protein could catalyze the reaction

of the longer isoform because it lacks a portion

of the active site (fig. S2).

The OCRL1 and HMGCR examples illus-

trate a general observation that junction ar-

rays detect many splicing events not detected

by ESTs (13). One reason may be that lower-

abundance transcripts are poorly represented

by ESTs (13). To examine this possibility, we

analyzed GenBank ESTs and mRNAs for AS

events using previously described methods

(17) and compared detection of alternatively

spliced junctions by ESTs, mRNAs, and

junction arrays as a function of gene-

expression level. The results confirm that

ESTs are biased against detecting AS events

in genes with lower expression levels, show-

ing a substantial increase in AS detections

with expression level (Fig. 4A). In contrast,

the fraction of junctions that are alternatively

spliced in full-length mRNAs and junction

arrays is largely independent of expression

level, and the arrays are sensitive to detection

of AS events for genes expressed at levels

well below the mean. A second problem lim-

iting EST-based analyses of AS is bias to-

ward transcript termini. As shown in Fig. 4B,

relatively few alternatively spliced junctions

are detected by ESTs in regions of mRNAs

distant from the 5� or 3� terminus. This most

likely reflects undersampling in the centers of

long transcripts due to nonuniformity in

cDNA library construction and the use of

end-sequence reads from these clones. This

type of bias has been avoided here with a

novel full-length RNA labeling protocol (12).

New methods for sequencing ESTs, e.g., the

ORESTES project (18), provide a partial

remedy, but sampling inconsistency remains

a major limitation for systematic studies of

AS. Indeed, 20% of exon-exon junctions in

RefSeq cDNAs are not sampled by an EST at

all, and an additional 11% are represented by

only one EST, precluding detection of AS.

Results from the junction arrays suggest nat-

urally occurring AS events are not concen-

trated at 3� termini; however, the higher fre-

quency of AS observed in ESTs and mRNAs

in the 500 nt nearest the 5� end is corrobo-

rated by the junction arrays, suggesting this is

a true biological preference.

We also investigated which genes and

tissue samples contained the most AS events

(table S1). Using Gene Ontology database

(19) term frequencies, the set of 31 genes

with the highest frequencies of AS was found

to be significantly enriched for genes in-

volved in cell communication (e.g., signal

transduction through receptor tyrosine ki-

nases) and enzyme regulation (e.g., small

GTPase regulation) (20). The samples with

the highest frequencies of AS events were

cell lines; overall they had fewer genes ex-

pressed, but more AS events in those genes.

Tissue samples were also clustered by the

patterns of AS predictions in their expressed

genes (fig. S3). Not surprisingly, similar tis-

sues have similar patterns of AS, and the

resulting clusters are similar to clusters of

samples by gene expression levels. For ex-

ample, liver pairs with fetal liver, stomach

with duodenum, heart with skeletal muscle,

and all neuronal tissues clustered together.

Cell lines also form a separate cluster.

To validate junction array predictions of

AS, we tested over 150 RT-PCR primer pairs,

amplifying regions of 110 selected genes

across a panel of samples similar to those in

the array experiments. The RT-PCR valida-

tion was biased toward gene regions that

contained array predictions and toward genes

of therapeutic interest. Of 153 transcript re-

gions evaluated, 134 did not contain AS

events represented by mRNAs, and 91 did

not have AS events represented by ESTs.

Seventy-three alternative splices were

sequence-verified in this validation exercise,

53 of them novel with respect to ESTs and

mRNAs, including novel variants of many

pharmaceutically relevant genes (table S2). Re-

ceiver operating characteristic (ROC) analysis

(21) was used to assess the predictive power of

the junction arrays as a discovery platform.

Each primer pair was scored simply by the

largest number of predictions observed for any

Fig. 3. Discovery of a novel isoform of HMGCR. (A) Junction array predictions of AS events at
junctions 12 and 13. Probes representing each junction of NM_000859.1 are arranged in a 5� to 3�
direction along the horizontal axis, with samples as in Fig. 2. (B) RT-PCR amplification of exons 12
to 15 from selected human tissues. The smaller, 255-nt fragment lacks exon 13.
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single junction between the primers (Nmax), and

various thresholds of Nmax formed the ROC

curve (fig. S4). The resulting classifier with

Nmax � 6 achieves a specificity of 0.82 and a

sensitivity of 0.49. In addition, 58% of primer

pairs meeting this criterion produced sequence-

validated alternative splice forms.

Using the validation success rate deter-

mined above, one can estimate the number of

alternatively spliced genes identified by this

52-sample junction-array experiment that are

not detected by ESTs. The junction arrays con-

tain 3990 multi-exon genes with no EST

evidence of AS at any of their exon-exon

junctions. Among these genes, 1791 contain

a junction meeting the Nmax � 2 array-

prediction criterion, 798 of which would be

validated by RT-PCR on the basis of the ROC

analysis. Together with ESTs and mRNAs, this

provides experimental evidence that 74% of

human multi-exon genes are alternatively

spliced. This could still be an underestimate,

given that only 52 tissues were used and that

RT-PCR validation is a conservative measure

of array-detected AS events.

Detection of AS using junction arrays is

limited in several ways. Like ESTs, junction

arrays cannot determine whether two splicing

events in one tissue are present in the same or

separate transcripts. In addition, sequences of

novel isoforms are not specified. Detection

also requires differential expression; if two

isoforms are present in the same proportion in

every tissue, no predictions will result. Final-

ly, cross-hybridization could cause false pos-

itives when sequence-similar genes have

strong tissue-specific regulation. The resolu-

tion and sensitivity of this approach could be

improved by adding probes in exons or add-

ing probes to assay potential AS events (e.g.,

all single-exon skipping events).
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Fig. 4. (A) Percentage of exon-exon junctions found to be alternatively spliced as a function of
transcript expression level for ESTs, mRNAs, and junction array data sets. Expression level is the
natural log intensity of junction probes for each transcript averaged over all tissues. Most human
transcripts have expression levels between 4 and 8 on this scale as shown by the histogram (dotted
curve). The dashed vertical line marks 1 standard deviation above background, calculated from
negative control spots. An array probe indicates AS at a junction if a prediction was observed in any
one of the 52 tissues. EST and mRNA data sets indicate AS at a particular junction if they contain
splicing events mutually exclusive at that junction (20). (B) Positional bias of AS detection for ESTs,
mRNAs, and junction array data sets as a function of distance from the 5� end (left) and 3� end
(right) of RefSeq transcripts. The relative frequency ratio (vertical axis) is the frequency of
alternatively spliced junctions divided by the fraction of exon-exon junctions that occur in each bin.
A ratio above 1 suggests that the frequency of AS in a particular distance bin is greater than
expected by the average frequency for a given data set. The 5-kilobase distance range shown
includes more than 93% of all exon-exon junctions in each panel.
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