












Figure 5. Lim Domain 7 Splicing alteration. Lim domain 7 protein (LMO7) was selected from a set of genes that displayed little difference at the gene level between
samples A and B, but had event ratios that were significantly higher than 3 fold between these samples, indicating a splicing alteration.  A) Using the UCSC
browser, the event monitored is illustrated along with the variant used to identify the event, the probe target regions, and the PCR primers used to validate the
event. B) RT-PCR results for the event validation using the primers indicated in A. C) Protein domain analysis was done using CDART (30) and shows the C
terminal Lim domain is missing from the splice variant.

Figure 6. Erythrocyte membrane protein band 4.1-like 3 (EMPB41L3) Splicing alteration. EMPB41L3 was selected from a set of genes that displayed a large
difference at the gene level between samples A and B, and, in addition, had event ratios that were significantly higher than 3 fold between these samples,
indicating a splicing alteration.  A) Using the UCSC browser, the event monitored is illustrated along with the variant used to identify the event, the probe target
regions, and the several pairs of PCR primers used to validate the event. B) RT-PCR results for the event validation using the primers indicated in A. C) Protein
domain analysis was done using CDART (30) and shows a portion of the C terminal region is removed and may affect the function of the protein.
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of the B/E ratio in brain.  RT-PCR analysis clearly
indicates that brain RNA contains a significantly higher
amount of the long form (the reference), while the short
form (the exon skip event) is equal or potentially higher
in the universal RNA sample (Figure 6B).  The exon
skip event results in an in-frame deletion, leading to the
loss of 41 amino acids in the C-terminal portion of the
protein, between the spectrin-actin domain (SAB), and
the 4.1 C-terminal domain (Figure 6C).

Discussion

Gene expression analysis has provided an important
resource for investigators to identify genes involved in
different biological processes, and has been used to
generate profiles where the expression level of a
predefined set of genes can help to identify and predict
a variety of pathological states and prognoses (14,15).
However, many of these studies have ignored the large
diversity of transcripts that are generated from each
locus by alternative splicing, and have treated each
gene as a single entity.  As such, singular gene
expression measurement can be misleading and may
not define splice variant transcripts and their
corresponding translated isoforms that bear etiological
relevance. This large diversity of transcripts now
renders the dogma of one gene, one protein as an
invalid concept, and it is quickly becoming clear that the
vast majority of genes, potentially over 90% in our
analysis, undergo alternative splicing, producing many
different proteins from a single gene or locus that can
be heavily influenced by pathological states
(16,17).Studies have been performed where probes
have been reordered into new probe sets to define
transcripts more accurately (18-20).  The attempt to
identify different transcripts in these studies suffers from
the same flaw, that the original design of the microarray
was not focused on detecting alternative transcripts per
se, but to provide an accurate measurement of the
overall expression of each gene, not transcript.  The
difficulty in quantifying different transcripts with this
design is due to the high similarity of the transcript
sequences.  As such, by using small oligonucleotide
probes, it becomes an extremely difficult task to identify
expression of distinct transcripts.  Sets of probes can
be designed to detect differences in expression of a
specific splice event. There is one report (21) where
probes were designed and used to predict the transcript
expression level with success, however, knowledge of
all potential transcripts is one requirement for this
method that is not available on a genome-wide scale.
Although one can assume some composition for the
transcriptome, there is sufficient ignorance of the
complete collection of transcripts and isoform regulation
to render this approach unreasonable.

The Human Genome Wide SpliceArrayTM was designed
to detect splice events in all potential coding frames.
Each gene was analyzed for alternatively spliced
events based on several criteria; evidenced through
expressed sequences available from GenBank, or
through the prediction of exon skip events.  Probes
were designed for each identified event, whether
evidenced or predicted, and the arrays were shown to
be highly reproducible, suggesting that the
reproducibility is more a function of the platform and
labeling procedures than of the probe design.

The probes and probe sets demonstrated similar
performance on this platform as  compared to, and
reported on these platforms for the MAQC project (10).
Interestingly, a similar response was found when the
data was analyzed at the gene or event level.  Analysis
of the array data at the gene level proved highly
concordant with data produced in the MAQC project on
the U133 Plus 2.0 array.  Even though the platforms
were slightly different (the U133 Plus 2.0 array contains
11 micron features while the SpliceArrayTM contains 5
micron features), the genes showed similar levels of
expression, and importantly, similar quantified changes
between the universal and brain RNA samples.  The
titration clearly showed a high concordance between
these similar platforms with probe sets that were
designed for different applications.  In addition, the
SpliceArrayTM also provides splice event information
available from the same experiment.

Several groups have simultaneously produced
microarrays to monitor splice events, and interestingly
have used almost the exact same design (11,22,23).
Many methods have been developed to determine the
extent of alternative splicing and identify the expression
level for each transcript within a gene.  We used a
simple approach to identify cases were the ratio of the
sequence inclusive and exclusive forms changed
dramatically, by calculating the ratio of probes that were
specific for the inclusive or long form (i.e. probe B)
versus probes specific for the exclusive or short form
(i.e. probe E).  This approach was shown to provide
very powerful results when assessed against PCR
validation of the events.  Although the approach does
suffer from the inability to determine actual transcript
levels, it is a simple and applicable approach that
provides strong filtering methods for real positives,
unlike other approaches which require an extensive
programming and array fitting, and are not easily
applicable to most investigators (23).

RT-PCR validation was performed based on the
analysis of the ratio of long to short form. This type of
assessment is an important aspect to determining the
extent of alternative splicing as in many cases the ratio
of isoforms will determine the biological response (24-
27).   By assessing the statistical power of the ratio, we
were able to validate a high rate of events; overall, 81%
of statistically selected events were validated by RT-
PCR.  The high rate of validation was found regardless
of the overall transcriptional changes identified.
Interestingly, almost 60% of the events identified to
have gene level, transcriptional alterations of 3 fold or
more were found to have an event fold change of 3 fold
or more.  This indicates that not only is there a change
in overall gene expression, but the transcripts produced
are different as generated by alternative splicing.
Surprisingly, genes that were found to not change in
their expression levels represented a rich source of
alternative spliced transcripts.  Almost 10% of these
genes contained evidence of splicing alterations by
changes in the ratio of the different isoforms.  This is an
important finding as it brings a point that genes which
have been ignored because of equivocal expression
between samples actually have important changes that
occur in producing different isoforms.  Importantly, this
suggests that there is a clear separation between
general transcription and alternative splicing.  This
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confirms earlier evidence (28) that illustrates
transcriptional activity is independent of splicing, even
though the two processes function simultaneously.
These findings should encourage investigators to look
more closely at the genes they discard for important
clues in mechanisms of biology.

Alternative splicing affects not only the structure of the
mRNA but ultimately the structure of the protein
produced.  Many exons encode protein domains that
can be removed by an exon skip event (29) and can
lead to the production of a transcript lacking functional
domains, potentially producing dominant negative
proteins, constitutively active isoforms, creating soluble
homologues, or regulate the overall activity of the
protein by reducing the overall expression of the
protein.  The Lim domain 7 (LMO7) was identified as
one example where there was no overall change in
gene expression but significant change in splicing was
identified. Lim domains are protein-protein interaction
domains and found in many key regulators of
development.  In addition, LMO7 contains a calponin
homology domains (CH), an actin binding domain found
in cytoskeletal and signal transduction proteins; and
PDZ domains, which bind protein and lipid, and are
modified by phosphorylation (30).  As LMO7 mutants
display retinal, muscular, and growth retardation,
different isoforms will impact the function of this protein
and potentially be altered in disease states. Multiple
alternative splice variants have been described (31).
The second example was differentially expressed at the
gene level as well as at the transcript level.  The
erythrocyte membrane protein band 4.1-like 3
(EMPB41L3) is highly expressed in brain, and loss of

heterozygousity is found in 60% of meningiomas and
represents an early event in tumorigenesis, suggesting
that these proteins are critical growth regulators in
meningioma pathogenesis (32). Normally expressed at
high levels in brain, with lower levels in kidney,
intestine, and testis, the function of the variant is
unknown, yet contains some well described protein
domains, including  Ferm domains found in many
cytoskeletal proteins,  the N domain found in ubiquitin-
like structural domain, and the C domain found in
tyrosine phosphatases (30).  Different isoforms certainly
will affect the function of these different domains and
potentially impact the function and may play a role
pathological states.

New definitions are being proposed in order to correctly
talk about expression studies and this is important so
that we all speak about the same entities.  Genes are
no longer considered a single entity and are now
considered more of chromosomal regions of
transcriptional activity (33).  Transcripts can be thought
of as specific structures produced from each genomic
location, and as such, have a many-to-one relationship
with genes.  The identification of expressed transcripts
is at the heart of expression analysis and these
examples, as well as recently identified novel spliced
isoforms demonstrating diverse activity (4,17) illustrate
the importance of correct determination of the
expression of each transcript.  Tools such as arrays
specifically designed to detect the differences in
transcripts will allow researchers to more fully explore
the transcriptome under different physiological and
pathological conditions.
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Supplemental Figures

Figure S1.  Analysis of the Human GWSA.  The four samples described in the manuscript were analyzed on the
SpliceArrayTM.  A) A frequency distribution is shown after normalization of the entire data set. B) A Principle Component
Analysis (PCA) was performed on the normalized distribution and displays the correct orientation of the samples (sample
A on the left, followed by samples C, D, and B moving to the right), as well as good reproducibility among the replicates
on the array.

Figure S2.  Probe configuration for the Human Genome Wide SpliceArrayTM.  Potential splice events were identified after
investigation of expressed sequence from the public databases.  These “evidenced events” were selected and probes
were designed to detect both the short, exclusive form and the long, inclusive form.  F and T probes were common to both
forms while B, C, and D probes are exclusive to the long form, while the E probe is specific only for the short form.
Discovery probes come in two types: predicted exon skips and structural probes.  If an exon was not detected to be
skipped from the sequence analysis, then the exon was predicted to be skipped and probes were designed to detect each
prediction.  Structural probes are designed against the exon-intron structure of the gene, such that each intron contains
three probes; an exon-exon junction probe, an exon-intron and intron-exon probe to monitor exon extension events.
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