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The completion of the human genome sequence1 has revealed
that the total number of genes is less than earlier estimated, perhaps
30 000. Because this value is also significantly less than the number
of human cDNAs2 that have been identified, perhaps 120 000, it is
apparent that a portion of protein sequence diversity is due not to
genomic sequences but to alternative splicing of initial RNA
transcripts. Of 14 000 known human genes,>40% possess multiple
variant spliced forms.3 Understanding the biological functions of
the genome will therefore require methods to examine each exon
in variantly spliced mRNAs. Ideally, such methods would permit
many RNAs to be examined simultaneously. Microarrays are ideal
for highly parallel analysis, but microarray techniques with fidelity
adequate to analyze complex mRNA for individual exons are
unknown. APEX microarray RNA analysis4 has therefore been
developed. Microarrays of exon-specific and junction-specific
primers for the variantly spliced exons of the CD44 locus accurately
detect the presence of included exons in mature RNA transcripts
when used with RNAseH (-) reverse transcriptase. This microarray
technique was applied to a human breast tumor sample, enabling
the certain detection and assignment of four alternatively spliced
CD 44 transcripts.

Understanding the spliced forms of a mature mRNA begins with
identification of the exon usage. The presence or absence of an
exon is a Boolean variable, and the structure of an mRNA formed
from a genomic sequence ofn exons can be represented by ann-bit
binary number. For example, CD44 is a cell adhesion molecule5

found on the surface of all mammalian cells. Its genetic locus
comprises 20 exons, 10 of which are alternatively spliced (Figure
1). Thus, a molecular code for the structure of a CD44 mRNA is

simply a 20-bit number. So far as is known, exons 1-5 and 16-
20 are always included, so codes for mRNAs for all functional
CD44s begin and end with 11111. The normally spliced mRNA
would be coded 11111000000000011111; known variants will have
one or more of the 0’s switched to 1’s. This results in>1000 (210)
possible spliced transcript sequences. Determination of the structure
of a mature CD44 mRNA is thus a combinatorial analytical
problem.6 When multiplied by the vast number of genes, analysis
of RNA splicing across the genome would become intractable (like
RNA folding,7 it may be NP-complete8). Powerful methods based

on parallel processing, such as microarray techniques, are needed
to enable global investigation of splicing.

Valuable microarray methods have been devised for studying
mRNA or cDNA levels in parallel.9 Hybridization data, which are
in analog form, can be used for differential gene expression
analysis.10 Hybridization to “exon arrays” has also been used in
the annotation of the human genome.11 As described above, the
analysis of mRNA splicing variants calls for digital information.
The APEX (arrayed primer extension) method12 provides high-
fidelity, essentially digital detection of nucleic acid sequences with
high parallelism. APEX exploits single-nucleotide extension of
microarrays of DNA primers that are complementary to a template.
APEX has been used for the solution of Boolean problems,
including those of the NP-complete class4a and thus seemed ideal
for the analysis of variantly spliced mRNAs. The application of
APEX to RNA templates and DNA primers requires extension by
a reverse transcriptase (RT). We earlier investigated RNA APEX
but had not applied it to microarrays or discovered an optimal RT.13

Initial experiments to analyze splice variants of CD44 RNA by
APEX used primers addressing unique sites within each exon v2
through v10. Oligonucleotides were synthesized with 5′-T10 linker
sequences, 5′-phosphitylated, and sulfurized with Beaucage reagent.
Microarrays were prepared by spotting the resulting 5′-phos-
phorothioate primers onto bromoacetamide glass using our previ-
ously described method.14 Templates were prepared from cDNA15

by PCR with forward primers bearing T7 RNA polymerase
promoters followed by in vitro transcription. The full-length RNA
was partially hydrolyzed by treatment with concentrated NH4OH
at 70°C for 3 min, resulting in average template length of 40 nt.
Template (∼1 µg) was hybridized to the microarray, and APEX
reactions were performed with MMLV RNAse H(-) reverse
transcriptase. The use of the RNAse H(-) RT and the fragmentation
step16 are crucial to RNA APEX.

With a RNA template including each of the nine variable exons,
APEX signals are seen for all primers (Figure 2a). A template
bearing only exons v6-v10 gives an average APEX S/B of 12-

Figure 1. The CD44 locus comprises 20 exons, of which exons 6-15 are
omitted in normal splicing. The variably spliced exons have alternative
descriptors v2-v10 (in man, v1 has an in-frame stop codon and is silent).

Figure 2. RNA APEX on a CD44 exon-specific microarray. The spot size
is ∼80 µm. The APEX reaction mix includes 1× RT buffer, 10 mM DTT,
18 µM ddNTP (minus T), 20 pM Fl-ddUTP, 0.4 M trehalose, 10 U RNAse
inhibitor, and 400 U RNAse H(-) MMLV RT in 50 µL. (a) APEX with
RNA template prepared from CD44 v2-v10. The average signal-to-
background (S/B) ratio (the spot compared to adjacent sites without primer)
across all primers is 18. (b) APEX with v6-v10 template; (c) APEX with
v2-v5 template; (d) key.
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20 at primers addressing exons included in the template, and of
<1 at primers addressing exons absent from the template (Figure
2b). Similar high fidelity is observed with template bearing only
exons v2-v5 (Figure 2c). The Boolean codes, or “splicotypes”,
for the variable region v2-v10 of this locus are: (a) 111 111 111,
(b) 000 011 111, (c) 111 100 000.

Many human diseases are related to RNA splicing.17 Variant
splicing and up-regulation of the expression of CD44, which
generally relate to a poor prognosis, can occur in cancer.18 The
functional reasons for this observation seem to relate to enhance-
ment of metastatic motility19 and adhesion power of transformed
cells. One particular CD44 antigen, v6, is found in many breast,20

bladder,21 and colon22 cancers. Alternative splicing of the CD44
mRNA is due not to genomic changes but to trans-acting splicing
factors.23 CD44 has been examined as a molecular diagnostic in
cancer. Protein levels24 or RNA expression levels25 have been
studied, but the absence of variant-specific reagents has limited
the data that can be obtained and the conclusions that can be drawn.
We therefore examined the utility of the RNA APEX microarray
assay for variant splice forms of CD44 in breast cancer.

Total cDNA was obtained from the primary breast tumor of a
single patient. The variable CD44 locus was amplified by two
rounds of PCR (Pfu polymerase followed by Thermosequenase)
with exon 5 and reverse exon 16 primers. The amplification product
showed at least five bands (of 160, 550, 800, 1200, and 1300 bp).
The 160 bp amplicon is standard CD44 (without variant exons);
the other amplicons represent variant splice forms.26 Analysis of
this mixed RNA population (resulting from multiple cell types
within the tumor sample) with the exon-specific microarray gave
the tentative variant splicotype of 0- - - - - - -1,27 with mixed signals
for exons v3-v9. An additional microarray was prepared with
primers specific for the junctions of exon 5 with each variant exon
and for the junctions of each variant exon with exon 16. For the
latter, only junctions 5-16 (standard) and v10-16 are observed,
while the former shows junctions 5-v3, 5-v4, 5-v6, and 5-v8
(Figure 3). The variant splicotypes in this sample, which are
consistent with amplicon sizes, were thereby established as 011
111 111, 001 111 111, 000 011 111, and 000 000 111.28

To our knowledge, there have been no previous reports of the
presence of more than two CD44 isoforms within the same tissue.
This microarray method can detect any type of variant among
known exons, even when multiple forms exist in the same tissue
sample. Application of these methods to analysis of human tumors,
tissues, and cell lines should provide a much better picture of the
diversity in CD44 splicing.

This RNA APEX analysis method provides a high-fidelity, digital
signal of the variantly spliced exons within an RNA. With RNA
samples containing only one spliced form, splicotypes can be
determined using microarrays bearing only exon-specific primers.
With heterogeneous RNAs, multiple splicotypes can be assigned
using additional splice-specific primers. Applications of this
technique should be broad, given an extensive database29 of
alternatively spliced exons.
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Figure 3. RNA APEX with a human breast tumor CD44 template. (a)
Exon 5-variable exon border primers. (b) Variable exon-exon 16 border
primers. (c) Variable exon-variable exon border primers. (d) Key for (a).
(e) Key for (b). (f) Key for (c).
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