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Alternative splicing (AS) of pre-messenger RNA is a major mechanism for generating protein diversity from a
limited number of genes in higher eukaryotes, and it constitutes a central mode of genetic regulation. Thus, efficient
methods are needed to systematically identify new AS events at a genomic scale across different tissues, stages of
development, and physiological or pathological conditions in order to better understand gene expression. To fulfill
this goal, we have designed the ASEtrap, which is a cloning procedure for producing AS libraries that is based on a
single-stranded trap consisting of an ssDNA-binding protein. In this paper, we have applied our approach to the
construction of an AS library and a Control library from human placenta. By analyzing 9226 and 9999 sequences of
the AS and Control libraries, respectively, we show that internal AS events (events that can be identified by the sole
resources provided by either the AS or the Control library) and the discovery rate of new AS events measured at
early stages of sequencing were nine to 10 times higher in the former than in the latter. Moreover, by performing a
search for new AS events within a group of 162 known drug target genes, we identified six new events in six genes,
and we observed that they all were discovered exclusively through the AS library. Thus, it appears that ASEtrap has
the potential to greatly facilitate the determination of the total complement of splice variants expressed in human, as
well as other organisms.

[Supplemental material is available online at www.genome.org.]

Alternative pre-mRNA splicing is a major contributor to protein
diversity in metazoan organisms (Lopez 1998; Black 2000; Grav-
eley 2001). It is especially common in mammals, where 40%–
80% of the genes are estimated to have more than one splice
form (Mironov et al. 1999; Croft et al. 2000; Kan et al. 2001;
Lander et al. 2001; Modrek et al. 2001; Lee and Wang 2005).
Alternative splicing (AS) is a tightly regulated phenomenon, and
the patterns of AS can be specific to tissue, developmental stage,
physiological condition, or pathological state (Caceres and Korn-
blihtt 2002; Stamm 2002; Black 2003; Black and Grabowski 2003;
Lareau et al. 2004; Lynch 2004). The importance of AS is further
illustrated by the increasing number of human diseases that have
been attributed to mis-splicing events (Krawczak et al. 1992;
Faustino and Cooper 2003).

Given the importance and prevalence of AS in mammals, it
is apparent that studies characterizing mammalian transcrip-
tomes must incorporate efforts to systematically identify new
splice variants on a genomic scale. Four different strategies have
been applied toward this goal. Full-length cDNA sequencing
projects are considered the gold standard for defining the tran-
scriptional state of a cell (Strausberg et al. 1999; Zavolan et al.
2003). However, these sequencing-based approaches are labor-
intensive and expensive, and the characterization of transcripts
across all physiological or disease states, tissues, and stages of
development remains a distant goal. The second approach is
based on bioinformatics analyses of expressed sequence tags
(EST) (Kan et al. 2001; Modrek et al. 2001; Modrek and Lee 2002;

Haas et al. 2003). Although these analyses have provided evi-
dence for a vast number of alternative isoforms, this approach is
hampered by significant limitations as a result of differences in
protocols, by transcript end bias, and by limited tissue coverage.
Moreover, it is hard to discover new variants that are expressed at
low levels because they are less likely to be cloned during con-
struction of the EST libraries. The third approach, which consists
of analyzing gene expression of RNA or cDNA samples with high-
density oligonucleotide microarrays, has been implemented suc-
cessfully in a variety of ways (Castle et al. 2003; Johnson et al.
2003; Lee and Roy 2004). However, this approach has drawbacks
too, including the fact that sequences of novel isoforms are not
specified and detection of AS events requires differential expres-
sion of splice variants. The fourth strategy consists of developing
experimental methods to selectively clone alternatively spliced
sequences from biological samples in order to produce alterna-
tive AS libraries. One such method recently has been described
(Watahiki et al. 2004). Here, we present a new cloning procedure
for production of AS libraries, called ASEtrap, that is based on a
single-stranded trap consisting of an ssDNA-binding protein. By
coupling this trap with a large-scale sequencing and informatics
capacity, this method can be implemented in a high-throughput
manner to systematically characterize the alternative splice
forms of transcripts in different physiological situations in a cost-
effective manner.

Results

Preparation of an AS library from human placenta

In order to test the effectiveness of the ASEtrap, we prepared an
AS library from human placenta. The procedure starts by con-
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verting total RNA from human placenta to double-stranded
cDNA using the SMART PCR cDNA synthesis technology (Fig. 1).
The double-stranded cDNA is then cleaved into small fragments
of ∼100–500 bp with RsaI. This fragmentation step with the re-
striction enzyme has two functions. First, it produces DNA frag-
ments with sizes suitable for sequencing in a single pass. Second,
because each DNA molecule of a given cDNA species is cut at the
same sites, most of the renatured DNA molecules that will form
after the denaturation and renaturation steps will have blunt
ends that will be ready to receive the adaptor (see below). The
fragmented DNA mixture, referred to hereafter as the M0 mix-
ture, is now ready to enter the ASEtrap procedure per se.

The M0 mixture is first subjected to a denaturation–
renaturation reaction. The resulting mixture, called M0.1, is com-
posed of various types of DNA molecules. Type 1 corresponds to
fully blunt-ended homoduplex DNA molecules that form when
two complementary strands of the same restriction fragment an-
neal. Type 2 corresponds to fully blunt-ended heteroduplex DNA
molecules containing internal single-stranded regions. These
molecules form when a strand corresponding to a restriction
fragment encompassing an AS event anneals to the complemen-
tary strand displaying a sequence difference introduced by the AS
event. Other duplex types will fail subsequent enrichment or
amplification steps and will not be considered further. After the
denaturation–renaturation reaction, an adaptor sequence is li-
gated to the blunt ends of the newly formed DNA molecules,
which allows only those molecules that have blunt ends on both
sides to be amplified later in the protocol by PCR.

The resulting ligation reaction, called M0.2, is next incu-

bated with a recombinant Escherichia coli single-stranded DNA
binding protein (SSBP) equipped with a histidine tag (Histag-
SSBP). Because of the high affinity and specificity of the E. coli
SSBP for single-stranded DNA (Meyer and Laine 1990), stable
complexes form between the Histag-SSBP and type 2 molecules,
but not with type 1 molecules, as the result of the single-stranded
regions present in the former but absent from the latter. Once
formed, the Histag-SSBP/DNA complexes are purified by nickel
affinity chromatography. This mixture, called M1, is enriched in
type 2 molecules, but it is depleted in type 1 molecules relative to
M0.2. The M1 mixture then is amplified by PCR using an adap-
tor-specific primer. Since only type 1 and 2 DNA molecules can
be efficiently amplified during the PCR reaction, the resulting
amplified mixture called M1.1 is depleted in sequences originat-
ing from other duplex types. Finally, the adaptor sequence is
removed from the ends of the DNA fragments of the M1.1 mix-
ture by redigestion with RsaI.

This first selection cycle generates a new mixture, called MI,
that is enriched in molecules originating from type 2 molecules
and hence in AS events. At this stage, depending on whether the
enrichment in AS events is sufficient, the MI mixture either can
be cloned into an AS library or subjected to one or more addi-
tional enrichment cycles. Based on an experimental assessment
of the enrichment level (see below), we decided to perform two
more enrichment cycles as described above. The DNA mixtures
recovered at the end of the second and third enrichment cycles
were called MII and MIII, respectively.

To assess the enrichment in AS events after each cycle of the
ASEtrap procedure experimentally, we determined by PCR the
relative abundance in M0, MI, MII, and MIII of two restriction
fragments encompassing an AS event known to affect the deioni-
dase mRNA in human placenta (Ohba et al. 2001). We also ana-
lyzed a restriction fragment of the �-actin cDNA for which no
alternative splicing is documented (Fig. 2). We observed an
abrupt increase (∼30-fold) of the deionidase gene fragments in MI
relative to M0 but no further increase in MII and MIII. In con-
trast, the �-actin fragment decreased slightly after the first en-
richment cycle (∼15%), but it continued to decrease after the
second and third cycles, resulting in ∼50% and ∼90%, respec-
tively, less actin. These results suggested that the ASEtrap proce-
dure was efficient at selecting AS events, but that three enrich-
ment cycles were necessary to efficiently reduce the pool of DNA
fragments not associated with AS events. We then cloned the
DNA fragments of the MIII mixture in order to obtain an AS
library. A Control library was also produced by cloning the DNA
fragments of the initial M0 mixture.

Sequencing and redundancy analysis of the AS
and Control libraries
Individual clones were isolated from both libraries and subjected
to sequencing. We obtained good sequences for 14,934 and
14,976 clones, respectively, from the Control and AS libraries.
Following the nomenclature used by Watahiki et al. (2004), se-
quences from AS and Control libraries are hereafter referred to as
ASSETs (alternative splicing sequence-enriched tags) for the
former and as ESTs for the latter.

ASSETs from the AS library and ESTs from the Control li-
brary were clustered using a genome-based clustering strategy
(see Methods). Whereas about the same number of ASSETs (9226)
and ESTs (9999) could be aligned on the genomic DNA (see
Methods), the ASSETs formed fewer clusters (2270) than the ESTs
(5749), which indicated there was a higher redundancy of the ASFigure 1. The ASEtrap procedure (see text).
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library (see Table 1). We considered this result to be a good sign
regarding the effectiveness of the ASEtrap procedure. Indeed,
ASEtrap focuses not so much on genes that are subjected to AS
events but, more precisely, on those restriction fragments within
these genes that encompass AS events. Hence, owing to the bias
it introduces in favor of certain precise locations within the ex-
pressed genome, ASEtrap is expected, when applied to tissues,
such as placenta, that are characterized by a high complexity of
their mRNAs pools, to reduce the dispersion and enhance the
redundancy of the libraries it produces. The size distribution of
the clusters within the two libraries is shown in Table 2. More
information related to the redundancy of the Control and AS
libraries is presented as Supplemental material.

Search for internal AS events

We define internal AS (iAS) events as events that can be identified
with the sole resources provided by either the Control or the AS

library, as opposed to events whose
identification requires comparison with
external resources, such as those given
by public cDNA databases. In order to
detect and characterize iAS events, we
developed a semiautomatic procedure
involving first a computational step
aiming at differentiating the clusters
where no iAS event could possibly be
found from the ones where such events
could be found, followed by a manual
step whereby the latter were inspected
by human expertise for the presence of
one or more genuine iAS events. Details
concerning this two-step procedure can
be found in the Methods section.

The manual step of the above
search procedure is significantly more la-
bor-intensive with regard to the detec-
tion of alternative 5� or 3� splice site (5�/
3�-ASS) events and, to a lesser degree, for
intron retention events, than it is for the
detection of exon-cassette (EC) events.
While the latter can be readily spotted
by a visual inspection for a given cluster,
the former require a systematic intron
length analysis and thus an effort pro-
portional to the total number of se-
quences (see Methods). As a conse-
quence, we decided to perform an ex-
haustive search only for clusters having
size ranging from two to nine sequences
(space S2–9) but to limit our search only
to EC events for all clusters having size
greater than nine (space S>9). Data re-
lated to the composition of these two
spaces, as well as the space of singletons
within each library, are shown in Figure 3.

The above strategy gave us access to
the total content in internal EC events of
both libraries (see Table 3). We found 18
and 189 such events within the Control
and AS libraries, respectively, indicating
that there was at least a 10-fold enrich-
ment of internal EC events in the AS li-

brary over the Control library. As for the exhaustive search per-
formed within spaces S2–9, we found at least 12 times more iAS
events in space S2–9 of the AS library than in the same space of the

Table 1. Redundancy analysis of the AS and Control libraries

Control library
(ESTs)

AS library
(ASSETs)

Number of clones sequenced 14,934 14,976
Number of clones aligned on

the genomic DNA 9999 9226
Number of clusters (including

singletons) 5749 2270
Number of singletons 4902 1586
Redundancy (%) 42.5 75.4
Number of genes covered by

the library 2374 1699

Figure 2. Experimental assessment of enrichment in AS events. (A) schematic representation of (1)
hDII(a) and hDII(b) cDNAs, the two variants of the human type II iodothyronine deionidase gene
generated by an alternative splicing event occurring in human placenta (Ohba et al. 2001); (2) the
�-actin cDNA. Black vertical arrows show the RsaI restriction sites whose cleavage produces the re-
striction fragments (RF1, RF2, and RF3) that were monitored by PCR in the M0, MI, MII, and MIII
mixtures (see below). Primer positions for PCR are indicated by gray horizontal arrows, and amplifi-
cation products are indicated by bars. hDII(b) differs from hDII(a) by an additional 108-nt-long exon
(black box). (B) PCR assessment of the relative abundance within the M0, MI, MII, and MIII mixtures
of the two hDII restriction fragments RF1 and RF2. Four PCR reactions were performed with 4 ng of
template DNA from the M0, MI, MII, and MIII mixtures using primers P1 and P2. Six-microliter aliquots
were taken from the PCR reactions after 22, 24, and 30 amplification cycles and electrophoresed in a
1.2% agarose gel. Two PCR products of the expected size were amplified. Densitometry revealed a
30-fold increase in these products in lanes MI, MII, and MIII relative to M0. (C) PCR assessment of the
relative abundance within the M0, MI, MII, and MIII mixtures of the �-actin restriction fragments RF3.
Four PCR reactions were performed with 4 ng of template DNA from the M0, MI, MII, and MIII
mixtures using primers P3 and P4. Eight-microliter aliquots were taken from the PCR reactions after 22
amplification cycles and electrophoresed in a 1.2% agarose gel. A PCR product of the expected size
was amplified, and densitometry revealed that its abundance decreased ∼15%, 50%, and 90% in MI,
MII, and MIII relative to M0.
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Control library (248 vs. 20), which confirms the effectiveness of
the ASEtrap procedure (Table 3). When looking at how these
events were distributed with regard to AS event typology, we
found that EC events represented, respectively, 50% (10 out of
20) and 54% (134 out 248) of the total number of events found
within spaces S2–9 of the Control and AS libraries.

As already mentioned, because the cost associated with an
exhaustive search within spaces S>9 was prohibitive, we could not
determine directly the number of non-EC events within these
spaces. As a result, the actual number, N, of iAS events within the
two libraries remains unknown. However, if we assume that in a
given library the ratio, R, between non-EC and EC events is the
same within space S>9 as within space S2–9, it is possible to pro-
pose a rough estimate of N (Nest). With R = 10/10 = 1 for space
S2–9 of the Control library and R = 114/134 = 0.85 for the same
space of the AS library (Table 3), we end up with Nest = 36 for the
former and Nest = 350 for the latter; that is, we obtain a nearly
10-fold enrichment in iAS events within the AS library. Granted,
these estimations should be taken with caution as they are based
on an unproven assumption. Nevertheless, we take it as a rea-
sonable hypothesis.

Each identified iAS event was checked for novelty against
two genomically aligned sets of human cDNAs retrieved from the
Ensembl transcript (build 34) and H-Invitational databases. Of
the 28 (20 + 8) and 303 (248 + 55) iAS events identified (Table 3)
within the Control and AS libraries, 22 and 249, respectively,

were not documented in the reference databases. This corre-
sponded to a novelty rate of ∼80% for both libraries. Interest-
ingly, we observed the same novelty rate of ∼80% regardless of
the space (S2–9 or S>9) or the library under consideration. In other
words, the novelty rate appears to be independent not only of
the library but also of the size of the clusters. As a result, since we
previously have estimated the total number of iAS events to be 36
within the Control library and 350 within the AS library, the
total number of new iAS events can be estimated to be ∼29
(36 � 0.8) in the former and 280 (350 � 0.8) in the latter.

The 303 iAS events identified in the AS library were in a total
of 237 clusters of ASSETs of sizes ranging from two to 97 se-
quences. We examined whether these 237 clusters also were cov-
ered by the ESTs from the Control library, and we found that 111
(47%) of them were not. The fact that so many iAS events were
found within clusters not covered by the 9999 ESTs of the Con-
trol library is indicative of the capacity of the ASEtrap to select AS
events occurring in poorly expressed transcripts. At the very
least, it shows that the technology has no problem identifying AS
events occurring in transcripts expressed at a frequency of
5 � 10�4 to 6 � 10�4.4

Automatic detection of new AS events

The value of the ASEtrap lies primarily in its capacity to detect
new AS events. In this respect, the new iAS events identified
above only tell a part of the story because several new events can
be identified by comparison with external resources without be-
ing necessarily iAS events. Obviously, this is the case when deal-
ing with singletons, as no iAS event can, by definition, be found
within the space of singletons. When compared with a set of
reference cDNA sequences, however, a singleton can reveal itself
as a new isoform, thereby documenting the occurrence of one or
more new AS events relatively to that reference. The same is true
for clusters made of several identical sequences, which can define
one or more new AS events by comparison with external re-
sources. Therefore, in order to gain a deeper insight regarding the
value of the ASEtrap for discovering new AS events, we developed
a computer program that allowed us to compare ESTs and ASSETs
with the Ensembl transcript (build 34) and H-Invitational data-
bases and applied it for the identification of new EC as well as
new 5�/3�-ASS types of events (see Methods). By examining how
the program performed at detecting the new internal EC and
5�/3�-ASS events already identified by the semiautomatic search
procedure described above, we were able to estimate the level of
false negatives and false positives to be <5% in both cases. Over-
all, the program detected 77 (38 EC + 39 5�/3�-ASS) and 413 (238
EC + 175 5�/3�-ASS) new AS events within the Control and AS
libraries, respectively, suggesting that the content in new events
is five to six times higher in the AS library.

Because the enrichment in new AS events (defined here as
the ratio between the content in new AS events of the AS and
Control libraries, respectively) obviously varies according to the
number of sequences analyzed, it appears that the best way to
assess the efficiency of the ASEtrap procedure in a meaningful,
comparable manner is to look at the initial enrichment levels at

4The average size of the double-stranded cDNA molecules obtained at the end
of the preparation step was ∼1.5 kb (data not shown); consequently, the
transcripts expressed in placenta should be, on average, represented by about
five to six different RsaI restriction fragments in the Control library. The fre-
quency in placenta of a transcript not represented by any ESTs from the Con-
trol library is therefore bound to be less than 5/9999–6/9999, that is,
5 � 10�4 to 6 � 10�4.

Figure 3. Space composition of the Control and AS libraries. For each
space, the number of ESTs and ASSETs (in bold characters) and the cor-
responding number of clusters (in italic and in parentheses) are indicated.
The areas of the spaces are proportional to the number of ESTs or ASSETs,
not to the number of clusters.

Table 2. Size distribution of the clusters

Size of clusters (class) Control library AS library

S � 100 3 5
50 � S < 100 10 11
30 � S < 50 14 23
10 � S < 30 54 103
S = 9 11 17
S = 8 13 34
S = 7 19 45
S = 6 24 50
S = 5 28 85
S = 4 75 116
S = 3 143 221
S = 2 453 474
S = 1 4902 1586

Columns 2 and 3 indicate the number of clusters, respectively, in the
Control and the AS libraries belonging to the class indicated in column 1.
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early stages of sequencing. In order to determine this parameter,
we randomly extracted from each library a sample of 200 se-
quences and used the program to determine their content in new
EC and 5�/3�-ASS events. The same experiment was repeated 50
times to ensure that the number of events eventually assigned to
this sample size would represent a reliable mean. So doing, we
obtained mean values of 1.94 and 18 new AS events with the
samples originating from the Control and AS libraries, respec-
tively. This result indicates that the discovery rate of new AS
events measured at early stages of sequencing is nearly 10 times
higher in the AS library.

We next determined the size threshold below which an AS
event would not be efficiently selected by the ASEtrap procedure.
To do this, we first compared the enrichment in new 5�/3�-ASS
events of the AS library over the Control library within discrete
size intervals (Fig. 4). Whereas only a slight enrichment was re-
corded for all intervals below 25 bp, there was a marked increase
of the enrichment levels for intervals above 25 bp. We also com-
pared the cumulative size distribution of our set of 175 new 5�/
3�-ASS events detected within the AS library with a reference set
of 9390 5�/3�-ASS events documented in FAST DB, which is a
bioinformatics suite providing extensive information on alterna-
tive splicing (Fig. 5; de la Grange et al. 2005). Overall, the AS
library exhibited a marked deficit in 5�/3�-ASS events of sizes
smaller than 40 bp. However, this deficit, which kept growing for
sizes between 5 bp and 25 bp, clearly started to diminish above
25 bp. Taken together, these two analyses strongly suggest that
the threshold was situated between 25 and 30 bp.

Finally, we used the program to examine in more depth the
question of the level of false positives among the AS events re-
tained by the program. There are two types of false positives that
must be considered. The first type, which can be referred to as
“program-dependent false positives,” corresponds to those
events that are retained mistakenly by the program but that can
be recognized as false positives upon manual inspection because
their splice sites do not obey the GT-AG rule. As already men-
tioned (see above), we found that these “program-dependent
false positives” do not exceed 5%. The other type, which can be
referred to as “program-independent false positives,” corre-
sponds to those events that are retained appropriately by the
program but that cannot be recognized as false positives upon
manual inspection because they seemingly display all the at-
tributes of genuine AS events. In particular, they display seeming
splice sites that comply with the GT-AG rule. A good approxima-
tion of the percentage (x) of “program-independent false posi-
tives” in both libraries is given by the following equation

x ≈ [(N � A) � P/A] � 100

where N is the number of events that is recorded at the output of
the program when it is not forced to eliminate the events that do
not obey the GT-AG rule, A is the number of events detected by
the program when it is forced to retain only the events that
comply with the GT-AG rule, and P is the probability that a false
positive displays the GT-AG splice sites by chance. Assuming an
equal representation and a random distribution of the four
nucleotides in the system, P = 1/44, that is, 1/256. Therefore,

since N = 157 and A = 77 in the Control
library and N = 805 and A = 413 in the
AS library, we end up with x ≈ 0.4% in
the former and x ≈ 0.37% in the latter.
What these values show is that the pro-
portion of the so-called program-
independent false positives within both
libraries can be considered negligible.
This result dispels an a priori concern as-
sociated with the ASEtrap procedure. In-
deed, it is well known that PCR can gen-
erate artifacts (Viguera et al. 2001; Ka-
nagawa 2003). Given that we performed
three rounds of PCR enrichment to gen-
erate the AS library, there was the possi-
bility that a high number of unusual
PCR events such as slippage events
(Viguera et al. 2001) could be ampli-
fied and, consequently, that the level of
program-independent false positives
within the AS library could be signifi-

Figure 4. Enrichment in new 5�/3�-ASS events according to the size of the events. (A) Number of
new 5�/3�-ASS events found at discrete size intervals within the Control and AS libraries. (B) Enrichment
level in new 5�/3�-ASS events at the same discrete size intervals (the enrichment level in new 5�/3�-ASS
events at a given size interval is the ratio between the number of new 5�/3�-ASS events found within
the AS library at this size interval and the number of new 5�/3�-ASS events found within the Control
library at the same interval).

Table 3. Results of the search for iAS events

Control library AS library

Space EC events

non-EC events
Total number

of events EC events

non-EC events
Total number

of events5�-ASS 3�-ASS Complex RI 5�-ASS 3�-ASS Complex RI

Space S2–9 10 3 6 0 1 20 134 36 55 2 21 248
Space S>9 8 nd nd nd nd nd 55 nd nd nd nd nd
Whole library 18 nd nd nd nd nd 189 nd nd nd nd nd

(EC) Exon cassette; (5�-ASS) alternative 5�-splice site event; (3�-ASS) alternative 3�-splice site event; (Complex) events that involve both an alternative
5� and 3� splice site; (RI) retained intron; (nd) no data.
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cant. The above analysis strongly suggests that this is not
the case.

Search for new AS events within a group of 162 known drug
target genes

The above analyses have shown that the ASEtrap procedure is
efficient at producing a library highly enriched in AS events.
However, we also wanted to assess the value of the method in
identifying new AS events within medically important genes. We
performed a manual search for new events within a set of 162
known drug target genes (Jin et al. 2004). We used as reference
the same two databases mentioned above, namely, the Ensembl
transcript database (build 34) and the H-Invitational database.
We found that 25 genes out of the 162 considered were covered
by at least one EST or ASSET. Among these 25 genes, seven were
positive for the occurrence of one or more new AS events. Alto-
gether, 10 new AS events were found within these seven positive
genes. We noted that only one new event was identified by the
resources of the Control library (ESTs), whereas the nine others
were identified exclusively by the AS library (ASSETs). This result
emphasized the value of the ASEtrap for discovering new mRNA
isoforms within medically important genes. Moreover, the ratio
between the number of ASSETs and ESTs covering a gene was on
average much higher for genes in which a new AS event was
found than for genes negative regarding the occurrence of a new
AS event. It is equal to eight (210/26) in the former case and to
slightly less than one (38/40) in the latter. This trend was, of
course, expected in case of a successful ASEtrap procedure.

The 10 AS events identified in this study are new relative to
cDNA databases such as Ensembl and H-Invitational databases.
However, to verify the novelty of these events, we checked
whether they were documented in ASD (human release 2), which
is a comprehensive alternative splicing database made of (1) com-
putationally delineated AS events from alignments of cDNA and
EST sequences with genome sequences and (2) alternatively
spliced exons collected from the literature (Thanaraj et al. 2004)
(http://ebi.ac.uk/asd). We found that four of the 10 events were
documented in ASD, while the six others were new and affected
six different genes. Interestingly, none of these six events was
found in the Control library. More information on these six new
AS events occurring within six drug target genes are reported in
Table 4. Note that three of the AS events might affect the primary
structure of the corresponding protein.

To confirm the existence of the six AS events, we performed
RT-PCR experiments from human placenta RNA. For each of the
six corresponding genes, we designed two sets of primers, where
one set would amplify the known as well as the new spliced
products (nonspecific set) and the other set would amplify only
the new spliced products (specific set). For the specific sets of
primers, we obtained RT-PCR products of the expected sizes for
each of the six genes, providing strong evidence for the occur-
rence of the six AS events in placenta (an illustration of these
results for two genes, namely, PAHA2 and GSTP1, is shown in Fig.
6). However, when performing the RT-PCR with the nonspecific
sets of primers, we observed the two expected amplification
products only for one gene, namely, P4HA2 (Fig. 6, lane 2). For
the five others, we only saw the amplification products corre-
sponding to the known splice variants (data not shown). This
result suggested that of the six new splice variants, five were
expressed at low levels relative to the known spliced form. Thus,
it appears that even rare AS events can be identified with ASEtrap.
Together, these RT-PCR experiments not only confirmed the oc-
currence in placenta of the six new AS events but also empha-
sized the sensitivity of the ASEtrap technology.

Discussion

In recent years, it has been realized that the process of alternative
splicing affects many mammalian genes and often generates
multiple variants (Mironov et al. 1999; Croft et al. 2000; Kan et
al. 2001; Lander et al. 2001; Modrek et al. 2001; Lee and Wang

Figure 5. Cumulative size distribution of two sets of AS events, the set
of 175 new 5�/3�-ASS events detected in the AS library, and a reference
set of 9390 5�/3�-ASS events documented in FAST DB (see text).

Table 4. Information regarding the six drug target genes in which a new AS event was found

Gene RefSeq ESTs ASSETs
Type and size
of the event

Source of
the event ID Possible impact of the events

GSTP1 NM_000852 9 104 5�-ASS; 60 nt AS library KX0ABA12YO23 Addition of 20 amino acids within the protein
GUSB NM_000181 0 1 5�-ASS; 33 nt AS library KX0ABA24YL02 Removal of 11 amino acids in the middle of the protein
P4HA2 NM_004199 0 2 EC; 173 nt AS library KX0ABA29YN10 Affect the 5�-UTR
FOLR2 NM_000803 0 16 3�-ASS; 70 nt AS library KX0ABA43YB02 Disappearance of the signal peptide
HSD3B1 NM_000862 16 42 EC; 96 nt AS library KX0ABA14YK18 Introduction of a premature termination codon
PRL NM_000948 0 9 EC; 13 nt AS library KX0ABA36YB02 Modification of the 5�-UTR

(GSTP1) Glutathione S transferase �; (GUSB) �-glucuronidase; (P4HA2) �2 subunit of prolyl 4-hydroxylase; (FOLR2) folate receptor 2 (fetal); (HSD3B1)
3-� hydroxysteroid dehydrogenase; (PRL) prolactin. Columns 3 and 4 indicate, respectively, the number of ESTs and ASSETs covering the corresponding
gene. Column 7 gives the identity of one ASSET documenting the corresponding event. Note that the six AS events described here have all been
identified exclusively thanks to the AS library (column 6). Note also that the new exon truncation event found within the FOLR2 gene displays the rare
GC–AG splice-site motif instead of the standard GT–AG motif. Using the ID sequence (column 7) as an entrance key, the above six AS events can be
seen through a graphical interface (http://www.genoscope.cns.fr/cgi-bin/ggb/splicing_human/gbrowse/Human), where it is possible to compare the
alignment on the genomic DNA of the ID sequence and the cDNAs retrieved from the Ensembl transcript and H-Invitational databases. The genomic
positions encompassing the events are as follow: GSTP1, K11_67129103_67129220; GUSB, K7_64844511_64846918; P4HA2,
K5_131630554_131639699; FOLR2, K11_71654278_71655983; HSD3B1, K1_119396626_119400507; and PRL, K6_22405288_22410968.
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2005). In order to determine the full repertoire of splice variants,
new methods will be needed to systematically identify the AS
events at a genomic scale. Here, we have presented one such
method, which we named ASEtrap.

Although we have shown that the ASEtrap procedure is ef-
ficient, there are several points to note. At the beginning of the
construction of the AS library, the double-stranded cDNA is frag-
mented into small fragments of mainly 100–500 bp using the
4-bp-cutter restriction enzyme RsaI. This fragmentation step,
which has been designed for ensuring that the sequence of most
DNA fragments collected at the end of the enrichment procedure
can be determined by a single pass sequencing, has two impor-
tant consequences. First, because the physical links between AS
events within a single mRNA are broken, there is no way to de-
termine how two or more AS events affecting the same transcript
are combined. Second, any AS event introducing a sequence dif-
ference harboring an RsaI restriction site cannot be selected.
However, this latter drawback can be easily overcome. By starting
from the same initial double-stranded cDNA, one can construct
simultaneously two or three different AS libraries using different
4-bp restriction enzymes. Thus, an AS event that would be missed
in one library as the result of a cleavage by one restriction en-
zyme will likely be rescued in another one. Finally, we have
shown that ASEtrap is likely to be inefficient at selecting AS
events with sizes below 25 bp. Since, according to an analysis of
a data set of 26,292 AS events documented in FAST DB (de la
Grange et al. 2005), small events below 25 bp may represent
∼14% of all human AS events, it appears that ASEtrap can deter-
mine ∼86% of the total complement of human AS events. The
same data set of 26,292 events also indicates that, respectively,
∼1.2% and 36% of all EC and 5�/3�-ASS events have sizes below 25
bp and that, among this latter group, nearly two-thirds have sizes
below 10 bp. Consequently, the small fraction (14%) of AS events

that cannot be determined by ASEtrap because of its inefficiency
at capturing small AS events will comprise mainly very small
5�/3�-ASS events, that is, 5�/3�-ASS events with sizes below
10 bp.

We have reported one possible application of ASEtrap for
exploring the repertoire of AS events occurring within a given
tissue. However, many other applications exist. For example, as
stated above, it may be used in a more systematic way for speed-
ing up the determination of the full repertoire of human AS
events. This would involve constructing and sequencing several
tissue-specific AS libraries but also mixed AS libraries (mixed li-
braries are obtained when the RNA sample used at the beginning
of the ASEtrap procedure is made from a pool of two or more
tissue-specific RNA samples), the interest of the latter being that,
unlike the tissue-specific libraries, they would identify AS events
even though the splice variants they give rise to exhibit mutually
exclusive expression patterns.

ASEtrap could also be used for identifying AS events that are
differentially regulated between mRNA populations originating
from two or more different sources. One may want to compare,
for example, a pathological source and its healthy equivalent, or
a source that has been exposed to an extracellular stimulus and
its nonexposed equivalent. As a specific example, let’s imagine
that we want to examine the action of a given hormone on the
splicing pattern of a target tissue. Using the ASEtrap procedure,
the first step would be to construct, sequence, and analyze three
AS libraries: one from the nonexposed tissue, one from the ex-
posed tissue, and the third one from a mixture of both the ex-
posed and nonexposed tissues (mixed library). We would then
have a broad knowledge of the AS events occurring within the
whole system but little information regarding their differen-
tial expression. Therefore, an expression study of the set of AS
events previously identified would then have to be performed by
whatever technologies are available for that purpose. In this re-
spect, DNA microarrays, which have recently emerged as poten-
tially powerful tools for analyzing the expression of splice vari-
ants (Lee and Roy 2004), may well become the technology of
choice.

Beside its use for analyzing the spliceomes of cells or tissues
in various situations, the ASEtrap may also be used to produce
gene-targeted libraries that show AS events occurring within gene
family products with therapeutic interest, such as GPCRs, ECM
proteins, kinases, hormones, ions channels, and so on. In such
cases, the ASEtrap procedure would start with an initial cDNA
sample obtained by pooling the products of individual gene-
specific RT-PCR reactions.

How does ASEtrap compare with alternative methods al-
ready used for the systematic identification of AS events on a
genome-wide scale? Bioinformatics analysis of expressed se-
quence tags (ESTs) was the first and, until now, the most efficient
method for this purpose (Modrek and Lee 2002). However, there
are several problems with EST data. First, ESTs are twofold less
likely to detect AS events in the middle of a transcript than at its
5�- and 3�-ends. This bias toward transcript termini most likely
reflects an undersampling in the center of long transcripts that is
caused by nonuniformity in cDNA library construction and the
use of end-sequence reads from these clones (Johnson et al.
2003). This type of bias has been avoided here because (1) the
cDNA used at the beginning of the ASEtrap procedure has been
obtained by means of a technology, the SMART cDNA technol-
ogy, that generates high yields of full-length double-stranded
cDNA (Chenchik et al. 1998); and (2) the fragmentation step of

Figure 6. RT-PCR validation of two new AS events identified within the
P4HA2 and GSTP1 genes (see text). (Lane 1) A 100-bp ladder. (Lanes 2,4)
RT-PCR products obtained with the nonspecific pairs of primers. Because
these primers have been designed so that the two members of a pair
would anneal the flanking regions on both sides of the corresponding AS
event, they make possible the coamplification of the two isoforms pro-
duced by the event. Whereas two products with the expected size (a
161-bp and a 334-bp product corresponding, respectively, to the known
and new splice variants) are observed with P4HA2 (lane 2), only one
product (the expected 265-bp product corresponding to the already
known splice variant) is observed with GSTP1 (lane 4). (Lanes 3,5) RT-PCR
products obtained with the specific pairs of primers. These primers have
been designed so that one member of a pair (nonspecific primer) would
anneal flanking regions upstream or downstream of the newly identified
AS event, whereas the other member (specific primer) would anneal
within the additional sequence introduced by the event (the two new
splicing isoforms monitored here are characterized by the insertion of an
additional sequence relative to the known isoforms). This design ensures
that only the new splicing isoforms can be amplified. For P4HA2 and
GSTP1 (lanes 3,5), the expected products corresponding to the new
splice variants are observed (a 274-bp and a 134-bp product, respec-
tively). The arrow in lane 5 indicates an additional GSPT1 product at ∼250
bp. Although we didn’t investigate further the identity of this amplifica-
tion product, we note that its size is consonant with the occurrence of a
new AS event corresponding to the retention of the last intron of the
GSPT1 gene.
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the ASEtrap procedure mostly produces DNA fragments with
sizes suitable for a single pass sequencing. Another problem with
ESTs is that they are biased against detecting AS events in genes
with lower expression levels (Johnson et al. 2003). In contrast,
our results suggest that ASEtrap is less vulnerable to this type
of bias. Finally, probably the most significant limitation of ESTs
is that they are derived from a limited number of tissues of
limited developmental or physiological states and, as a result,
are far from covering all biological situations. Here again, ASE-
trap offers an advantage over EST studies because it can more
easily be used to address a wide range of specific biological ques-
tions.

Until recently, alternative splicing studies using DNA micro-
arrays’ technology have essentially focused on monitoring the
expression of known splice variants (Clark et al. 2002; Yeakley et
al. 2002; Castle et al. 2003; Wang et al. 2003; Neves et al. 2004).
However, an important study has recently been published dem-
onstrating that microarrays may also be used for large-scale de-
tection of unknown AS events (Johnson et al. 2003). In this
study, Johnson et al. designed 36-mer probes complementary to
every exon–exon junction in >10,000 multi-exon human genes
and used an array of the probes to monitor splicing of these genes
in 52 tissues and cell lines. Although effective at predicting sev-
eral new AS events, the design of Johnson et al. has several draw-
backs that neither EST studies nor ASEtrap have. First, it seems to
generate a high rate of false positives. Second, detection requires
differential expression; if two isoforms are present in the same
proportion in the tissues analyzed, no prediction will result. Fi-
nally and most importantly, the sequences of novel isoforms are
not specified.

The idea to produce AS libraries by selectively cloning DNA
fragments associated with AS events first appeared in US patent
6251,590 (Bracco and Kearsey 2003). In this approach, DNA–RNA
hybrids are formed, and loop structures in the RNA comprising
alternatively spliced exons are released by RNase H digestion of
RNA within DNA–RNA hybrids. Fragments derived from the loop
structures are then cloned. Owing to the lack of publicly available
data, the efficiency of this technology is difficult to assess. More-
over, it is hampered by the fact that it cannot determine exact
exon borders, as only partial exon sequences are obtained. In
contrast, ASEtrap allows the retrieval of entire exons along with
their flanking regions. More recently, another alternative splic-
ing library approach has been reported that shares important
similarities with ASEtrap even if the details differ significantly
(Watahiki et al. 2004). The two methods rely on the formation of
double-stranded DNA molecules harboring internal single-
stranded loops that are then selected by means of a single-
stranded trap. However, the trap used by Watahiki et al. is based
on the annealing of the single-stranded loop structures to ran-
domized-biotinized oligonucleotides, whereas that of the ASE-
trap procedure is based on the binding of these loop structures to
a single-stranded binding protein. Another difference between
the two relates to the fact that ASEtrap has been designed in such
a way that several enrichment cycles can be performed if needed.
Since Watahiki et al. did not determine the enrichment level in
AS events of their AS library, it is not possible to compare the
efficiency of their approach with ASEtrap.

We have shown that ASEtrap is an efficient method allow-
ing the systematic identification of AS events on a large scale.
Because it presents several advantages over existing approaches,
it may become a useful tool for speeding up the exploration of
the human as well as other spliceomes.

Methods

ASEtrap procedure

cDNA obtention
The cDNA was obtained by using the SMART PCR cDNA synthe-
sis method developed by Clontech Laboratory. The first-strand
cDNA reaction was performed from human placenta total RNA
purchased from Clontech (ref 64095-1). One microgram of total
RNA was added to the RT reaction. The rest of the reagents used
in the RT reaction were from the SMART PCR cDNA Synthesis Kit
(Clontech). The manufacturer’s instructions were followed dur-
ing cDNA synthesis. The double-stranded cDNA was produced by
performing 10 identical PCR reactions using as the template 1 µL
of the RT reaction mixture. The primer and other reagents used in
the PCR reactions were from the SMART PCR cDNA Synthesis Kit.
Each of the 10 PCR reactions was set up in a volume of 80 µL. The
amplification conditions were as follows: denaturation at 95°C
for 90 sec followed by 14 cycles of amplification (95°C for 10 sec;
and 68°C for 6 min) in a Perkin Elmer GeneAmp PCR System
9600 (PE Biosystem). At the end of the PCR reactions, the ampli-
fication products were incubated for 2 h at 37°C in the presence
of exonuclease VII (USB) at a final concentration of 0.1 U/µL.
Then, the reaction mixture was extracted once with an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1). The
aqueous phase was ethanol-precipitated twice with ammonium
acetate, and the resulting pellet was resuspended in 30 µL of TE
(pH 8). Approximately 10 µg of purified double-stranded cDNA
was eventually obtained.

Fragmentation of the double-stranded cDNA
The double-stranded cDNA obtained as described above (∼10 µg)
was incubated for 2 h with 40 units of RsaI in 1� buffer Y+/
Tango (Fermentas). Then, the fragmented cDNA was purified by
phenol extraction and ethanol precipitation, and the resulting
pellet was resuspended in 12 µL of TE. Approximately 8 µg of
fragmented cDNA was eventually obtained. This mixture of frag-
mented cDNA molecules was used as the starting material of the
ASEtrap procedure. We called it the M0 mixture.

First cycle of enrichment

Denaturation/renaturation of the M0 mixture
Three microliters of the M0 mixture (∼2 µg of DNA) was diluted
with 1 µL of 60 mM EDTA and 6 µL of water. The resulting
mixture was placed at 97°C for 2 min for denaturation and then
placed at 67°C. Five microliters of a 3� hybridization buffer [3 M
NaCl; 120 mM Tricine-KOH at pH 8.7 and 25°C; 45 mM KOAc;
10.5 mM Mg(OAc)2; 12 µg/mL BSA; 0.015% Tween 20; 0.015%
Nonidet-P40] was then added to the denatured mixture. After
having overlaid the resulting mixture with a drop of mineral oil
in order to avoid evaporation, it was maintained at 67°C for 24 h
(Cot = 37). Then, the NaCl concentration was adjusted to 0.2 M
by adding 60 µL of water, and the resulting mixture was precipi-
tated with ethanol. The pellet was resuspended in 10 µL of TE.
This material was called the M0.1 mixture.

Adaptor ligation and strand displacement reaction
Two micrograms of the AdRsaI adaptor [produced by annealing
an equimolar amount of the AdRsaI(up) and AdRsaI(low) oligo-
nucleotides] was ligated to the denatured–renatured DNA mol-
ecules of the M0.1 mixture in a total volume of 20 µL using 3 U
of T4 DNA ligase (Fermentas) in the following buffer: 40 mM
Tris-HCl (pH 8 at 25°C); 7 mM MgCl2; 3 mM DTT; 0.2 mM ATP;
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5% polyethylene glycol (mol wt 4000). After 90 min of incuba-
tion at 37°C, the ligation reaction was placed for 10 min at 65°C
in order to inactivate the ligase. Then, 80 µL of an SD solution [50
mM Tris-HCl (pH 8.0 at 25°C), 5 mM MgCl2, 1 mM DTT, 1.25
mM dNTPs, and 6.5 U of Klenow Fragment exo� (Fermentas)]
was added to the ligation mixture, and the resulting mixture was
incubated for 30 min at 37°C. The DNA molecules now harboring
the adaptor sequence at their ends were purified by phenol ex-
traction and ethanol precipitation, and the resulting pellet was
resuspended in 40 µL of TE. This material was called the M0.2
mixture.

Selection of DNA molecules comprising single-stranded regions (SSRDNA)
For this, 32 µL of the His-tagged SSBP (0.5 µg/µL) and 40 µL of
buffer (100 mM NaH2PO4 at pH 8, 600 mM NaCl, 20 mM imid-
azole, 0.08% Tween 20) were added to the M0.2 mixture, and the
resulting mixture was placed at 37°C for 60 min so that His-
tagged SSBP/SSRDNA complexes formed. These complexes were
then isolated from the rest of the mixture by means of an immo-
bilized metal affinity chromatography (IMAC) using the Ni-NTA
Spin columns, reagents, and buffers from the Ni-NTA spin Kit
(Qiagen; cat. no. 31,014). The manufacturer’s instructions were
followed during this step. We called the eluate collected at the
end of the IMAC chromatography the M1 mixture.

PCR amplification of the M1 mixture
Ten identical PCR reactions were performed in order to amplify
within the M1 mixture the subset of DNA molecules equipped at
both ends with the adaptor sequence. Each amplification was
conducted in a 60-µL volume containing 1 µL of the M1 mixture;
200 µM each dATP, dGTP, dTTP, and dCTP; 5 µL of primer P1; 6
µL of 10� Titanium Buffer (Clontech); and 1.2 µL of 50� Tita-
nium Taq DNA polymerase (Clontech). The temperature param-
eters of the PCRs were as follows: 1 min, 30 sec at 95°C followed
by 16–20 cycles of 94°C for 15 sec and 68°C for 2 min, 30 sec;
followed by a 5-min final extension at 68°C. At the end of the
PCR reactions, the amplification products were incubated for 2 h
at 37°C in the presence of exonuclease VII (USB) at a final con-
centration of 0.1 U/µL. Then, the reaction mixture was extracted
one time with an equal volume of phenol:chloroform:isoamyl
alcohol (25:24:1). The aqueous phase was ethanol-precipitated
with ammonium acetate, and the resulting pellet was resus-
pended in 20 µL of TE (pH 8). Approximately 10 µg of purified
amplification products was eventually obtained. We called this
new material the M1.1 mixture.

Treatment of the M1.1 mixture by the S1 nuclease
Forty microliters of an S1 solution (50 mM sodium acetate at pH
4.6; 420 mM NaCl; 1.5 mM ZnSO4; 12 units of S1 nuclease) was
added to the M1.1 mixture, and the resulting mixture was incu-
bated at 16°C for 20 min. The reaction was stopped by adding
140 µL of cold water followed by two successive phenol extrac-
tions. The deproteinized solution was then precipitated with
ethanol, and the resulting pellet was resuspended in 30 µL of TE
(pH 8). We called this new material the M1.2 mixture.

Elimination of the adaptor sequence at the ends of the DNA molecules
of M1.2
Elimination of the adaptor sequence at the ends of the DNA
molecules of M1.2 was accomplished by digesting the DNA mol-
ecules of the M1.2 mixture for 2 h at 37°C with 40 units of RsaI
in a total volume of 100 µL and in 1� buffer Y+/Tango (Fermen-
tas). The reaction was stopped by phenol extraction and ethanol
precipitation, and the resulting pellet was resuspended in 10 µL

of TE (pH 8). Approximately 4 µg of DNA was eventually ob-
tained. We called this material the MI mixture.

Second and third cycles of enrichment
Starting with 2 µg of DNA fragments from the MI mixture, the
same steps described above were performed again for a second
enrichment cycle. The only difference with the first cycle con-
cerns the denaturation–renaturation step, where the renatur-
ation time was shortened to 7 h (Cot = 11). We called the mix-
ture obtained at the end of the second cycle the MII mixture.
Finally, 2 µg of DNA fragments from the MII mixture was sub-
jected to a third enrichment cycle. The conditions were the same
as for the previous two cycles except that the renaturation time
was shortened to 3 h (Cot = 4.64). We called the mixture ob-
tained at the end of the third cycle the MIII mixture.

Cloning of the DNA fragments from the M0 and MIII
mixtures into, respectively, the Control and the Alternative
Splicing libraries
BstXI-linkered DNA fragments originating from the M0 and MIII
mixtures were cloned into the BstXI-digested phagemid vector
pcDNA2.1 (Invitrogen).

Preparation of BstXI-linkered DNA inserts
The ends of the DNA fragments of the M0 and MIII mixtures were
equipped with a BstXI adaptor (Invitrogen, cat. no. N408-18) as
follows: 6 µg of the adaptor was ligated to ∼2 µg of aforemen-
tioned DNA fragments in a total volume of 30 µL using 5 U of T4
DNA ligase (Fermentas) in buffer (40 mM Tris-HCl at pH 8 at
25°C; 7 mM MgCl2; 3 mM DTT; 0.2 mM ATP; 5% polyethylene
glycol [mol wt 4000]). After 90 min of incubation at 21°C, the
ligation reactions were placed for 10 min at 65°C in order to
inactivate the ligase. The BstXI-linkered DNA fragments were
separated from the excess of nonreacted adaptors by ultrafiltra-
tion using a Microcon-100 centrifugal filter device (Millipore)
and then by gel electrophoresis (1.2% low melting point agarose-
TAE), where all fragments larger than 100 bp were cut out from
the gel and purified using the GELase agarose gel-digesting prepa-
ration (Epicentre).

Cloning of the BstXI-linkered DNA inserts
Five nanograms of purified BstXI-linkered DNA inserts and 25 ng
of vector (ratio ∼2:1) were mixed and ligated in a total volume of
20 µL under standard conditions at 16°C for 15 h using 2.5 U of
T4 DNA ligase (Fermentas). At the end of the ligation reactions,
the two DNA solutions were purified by phenol extraction and
ethanol precipitation, the resulting pellets were resuspended in
10 µL of TE, and 1 µL of each solution was used for transforma-
tion of DH10B ultracompetent E. coli cells (Invitrogen) by elec-
troporation.

Sequencing procedure
All clone inserts were sequenced at one end using a primer
complementary to the vector sequence. Sequences from the Con-
trol library are referred to as ESTs, and sequences from the AS
library are referred to as ASSETs (alternative splicing sequence-
enriched tags).

Alignment of EST and ASSET sequences to the human
genome
We used a two-step strategy to align the transcript sequences on
the repeat-masked genomic reference sequence (NCBI build 34)
(Castelli et al. 2004). The repeats taken into account by the mask-
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ing procedure were limited to Alu sequences and microsatellites.
As a first step, we used BLAST (Altschul et al. 1990) (W = 20,
X = 8, match score = 5, mismatch score = �4) on the complete
genomic sequences to generate the alignments. The sum of HSP
(High-Scoring Pairs) scores was then computed for each possible
location; if the sum of scores was >1000, the location with the
highest score was retained. Once the location of the transcript
sequence was determined, the corresponding unmasked genomic
region was extended by 10 kb on each side. Transcript sequences
were then realigned on the extended region using EST_GENOME
(Mott 1997) (with the following settings: mismatch 2, gap pen-
alty 3).

Search for internal alternative splicing events (iAS events)
Internal AS events (iAS events) were identified using a semiauto-
matic search procedure involving two steps. First, for a given
library, all clusters having at least two sequences were screened
for the presence of one or more putative iAS events using a com-
putational procedure aimed at detecting internal sequence dif-
ferences between sequences of the clusters. However, the pres-
ence of an internal sequence difference is a necessary but not a
sufficient condition for establishing the presence of a genuine
iAS event because internal sequence differences, corresponding
to experimental noise, also can be generated at certain steps of
the library’s construction. For example, the reverse transcriptase
used to synthesize the first strand of cDNA may sometimes pass
through a stable RNA structure of some mRNA molecules and
thereby introduce a gap in the cDNA. Alternatively, the DNA
polymerase used during the different PCR amplification steps
may also, in some rare circumstances, skip certain regions of the
DNA templates, and likewise introduce a gap in some molecules.
Thus the function of the computational step essentially was to
screen out negative clusters from further consideration. In the
second step of the search procedure, each cluster selected by the
computational step was manually inspected for the presence of
one or more genuine iAS events.

Computational step
The computational approach was developed in Perl v5.8.5
(www.perl.org) using an Athlon64 3200+ processor with 1.5 Gb
of RAM and with the Mandrake 10.1 Linux distribution (http://
wwwnew.mandriva.com/). This computational step was per-
formed on the two libraries for each cluster composed of at least
two sequences. For each cluster and for each transcript (ASSETs
for the AS library or ESTs for the Control library), the algorithm
aligned the transcript sequence against the corresponding ge-
nomic sequence using Sim4. By parsing the Sim4 output, we
defined the transcript exons. These exons were then clustered by
genomic position in order to define the genomic exons (using
the more frequent first and last positions of the different clus-
tered “transcript exons”). A putative AS event was recorded when
a transcript exon displayed a sequence difference with its corre-
sponding genomic exon. Differences were not considered if they
concerned the beginning of the first exon of a transcript or the
end of the last exon of a transcript (only internal differences were
considered).

Manual step
All clusters selected by the computational step were visually in-
spected for the presence of iAS events using a graphical interface
(Generic Genome Browser; http://www.genoscope.cns.fr/cgi-
bin/ggb/splicing_human/gbrowse/Human) showing the align-
ments of either ESTs or ASSETs on the genomic DNA. When a
difference in alignment within a cluster could be visually spotted

(as is the case for exon cassette and intron retention events as
well as large enough exon extensions or truncations resulting
from 5�- or 3�-alternative-splice-site types of events), we checked
whether (1) the putative splice sites involved in the putative iAS
event signaled by the alignment difference obeyed the GT-AG
rule; and (2) that at least five out of the first six nucleotides from
the splice junctions involved in the putative iAS event matched
the genome perfectly. Only iAS events that complied with these
two conditions were considered as genuine. Because small differ-
ences in exon length introduced by 5�- or 3�-alternative splice site
events could easily be missed by the above visual inspection ap-
proach, we completed it by a systematic analysis of intron length
when, as was the case for clusters having sizes ranging from two
to nine sequences (see text), the goal was to be exhaustive in our
search for iAS events. More precisely, for each cluster, the intron
length analysis consisted of building a matrix of intron lengths,
with columns corresponding to the different introns found in
the cluster and lines to the individual transcript sequences. In-
tron length differences, validated by the two criteria stated
above, were considered as characteristic of genuine 5� or 3� alter-
native splice site events.

Automatic detection of new AS events
We developed a Perl program that detects alternative splicing
events by comparing a (query) set of transcript sequences with a
reference set (in this case, transcript sequences from Ensembl
build 34 and H-Invitational). The program performs all pairwise
comparisons between a query sequence and a reference se-
quence. For each comparison, AS events are searched for within
the region delimited by the two outermost overlapping exon
pairs. Exon cassette (EC) and alternative 5�–3�-splice site (5�/3�-
ASS) types of events are detected by matching query exons to
reference exons whenever overlap occurs, recording missing ex-
ons and exon boundary location in the case of incomplete over-
laps. An alternative splicing event is thus defined by its type (EC
or 5�/3�-ASS) and the location of its 3� and 5� boundaries on the
genomic sequence. Following this identification step, AS events
are subjected to a two-step validation process: The existence of a
GT-AG consensus site is confirmed, and we check the quality of
the sequence in the neighborhood of the splice site using KERR
(Landau et al. 1986) and the genomic reference (nberr = 1 mis-
match/6 nucleotides). Finally, redundancies are eliminated from
the set of validated events and novel events (events that are not
deducible from the reference set alone) are tagged.
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