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Abstract Alternative splicing (AS) has been shown to be
frequently present in human tumors. Specifically, it has
been observed in some experimental studies that multi-exon
skipping (MES) events often appear in tumorous tissues.
Prompted by this observation, we conducted a genome-
wide analysis of MES events to investigate their association
with tumors. The results show that MES events are more
likely associated with tumors than single-exon skipping
(SES) and the degree of association increases with the num-
ber of skipped exons. Furthermore, MES events are found
to be less conserved than their SES counterparts, which
provides additional evidence for our results because dis-
ease-associated AS events should be eliminated during
evolution. Interestingly, these differences still existed even
after comparison of MES and SES events with similar-
length skipped regions. These results demonstrate that
MES events may be associated with tumors and suggest
that MES isoforms might be useful in cancer diagnosis.

Keywords multi-exon skipping event, single-exon skip-
ping event, tumor

1 Introduction

Alternative splicing (AS) is a wide-spread phenomenon in
the expression of eukaryotic genes [1]. It plays such a
crucial role in expanding proteome diversity that by using
AS, a single gene can produce multiple distinct protein
products [1].

The regulation of AS is a complex process involving
many regulatory elements [1]. Defects in any regulatory
element can possibly induce splicing alterations, which are
often observed in human disease. It has once been esti-
mated that about 15% of disease-causing mutations affect

Received April 3, 2008; accepted April 15, 2008

Jianning BI, Tao PENG, Yanda LI (IX)

MOE Key Laboratory of Bioinformatics and Bioinformatics Div,
TNLIST/Department of Automation, Tsinghua University, Beijing
100084, China

E-mail: daulyd@tsinghua.edu.cn

splicing [2]. In recent reports, the proportion has reached a
striking 50% [3]. Specifically, some computational studies
have identified many tumor-associated AS events [4-0].
Therefore, AS might be prevalent in human tumors.

The relationship between AS and human tumors has
crucial clinical meanings. Although numerous efforts
have been made in the diagnosis of cancers, there is still
an urgent need to identify good biomarkers for clinical
diagnostic purposes [7-9]. Microarrays have been shown
to be a powerful tool to discover biomarkers for cancers
[7]. However, most of these only measure the expression of
overall mRNA transcripts of each gene and ignore the
complexity of transcripts originating from AS [7-9].
Nevertheless, alternative splicing is frequently observed
in tumors, and distinct splice variants may be associated
with specific tumor subclasses [3,7,8]. Initial attempts to
distinguish different splice variants have yielded some
promising results. By exploiting a splicing array, Li
et al. reported that it is more effective to use signature
mRNA isoforms than overall transcripts in distinguishing
between normal prostatic epithelia and prostate cancer
[8]. In another microarray study, it was found that for
as many as 30% of the cancer-relevant genes on the array,
the ratios of distinct splice variants were different, while
the overall gene expression levels remained unchanged [9].
The better performance of splicing microarrays than con-
ventional ones in these studies demonstrates the useful-
ness of specific splice variants in diagnosis. Therefore, it
will be helpful in cancer diagnosis if we could obtain more
information about which splice variants are more likely
associated with tumors.

Interestingly, several experimental studies have reported
some differences regarding multi-exon skipping (MES)
events and single-exon skipping (SES) events in terms of
association with tumors. Here, MES events refer to exon
skipping events in which at least two consecutive exons are
removed, while SES events are those with only a single
skipped exon. Human estrogen receptor « (hER) is a hor-
mone-activated nuclear transcription factor that regulates
the transcription of estrogen-responsive genes [10,11]. In
normal breast tissue, it has been found that hER splice
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variants are mainly composed of SES isoforms, while MES
isoforms are rare. Nevertheless, in breast tumors, SES iso-
forms account for only half of all variants, and splice var-
iants lacking multiple exons are abundant [12]. Another
example is the RON receptor tyrosine kinase, which
belongs to the MET proto-oncogene family. As a crucial
factor for cancer development, RON has the ability to
induce cell dissociation, migration and matrix invasion
[13,14]. It has been found that in primary human colorectal
adenocarcinomas, RON splice variants undergoing an
MES event have much stronger oncogenic potential than
that only having an SES event [14]. These phenomena have
attracted our attention and encouraged an investigation of
MES events.

As the most prevalent type of AS [15], exon skipping
has been extensively studied. However, the majority of
studies focus on SES events [16-18], while MES events
receive little attention. Despite the aforementioned obser-
vations reported in some experimental studies, large-scale
analysis of MES events is still lacking, while research in
this field may provide some insights into the relationship
between AS and tumors.

In this paper, we conducted a genome-wide analysis of
MES events with the emphasis on their association with
tumors. Exon skipping events, including MES and SES,
were first identified through expressed sequence tag (EST)
alignment. Next, we investigated the association of MES/
SES events with tumors by evaluating their expression in
normal and tumorous tissues. An example was then ana-
lyzed in detail to illustrate the difference between MES
and SES. We also made a conservation analysis, which
provided further evidence for our results. Finally, we
investigated the origin of differences between MES and
SES events by comparing MES and SES subsets whose
skipped regions are of similar length distributions. The
results show that MES events may be associated with
tumors, thereby rendering them as potential diagnostic
indicators.

2 Materials and methods

2.1 Data set generation

Figure 1 shows the pipeline of data set generation
(Fig. 1). Human-mouse orthologous gene pairs were
downloaded from HomoloGene (ftp://ftp.ncbi.nlm.nih.
gov/pub/HomoloGene). The structures and sequences
of these orthologous genes were subsequently obtained
based on human and mouse genomes. If the sequence of
one gene could not be determined, the orthologous pair
was eliminated. Those orthologous genes with equal
numbers of exons were then selected. This requirement
was set to facilitate conservation analysis. It should be
noted that this criterion will not cause bias in our
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results, because most human and mouse orthologous
genes have equal numbers of exons [19].

We then sought to identify exon skipping events occur-
ring in human genes in two steps. First, we constructed
exon-exon junctions for all possible exon skipping events,
and second, we aligned these junctions with ESTs. In the
first step, we constructed exon-exon junction sequences by
concatenating the last 50 nt of the upstream exon with the
first 50 nt of the downstream exon. If either exon was
shorter than 50 nt, the sequence of whole exon was
adopted.

In the second step, these exon-exon junction
sequences were aligned with ESTs downloaded from
NCBI  (ftp://ftp.ncbi.nih.gov/blast/db).  ESTs are
sequence fragments of entire genes that are widely used
in fields such as AS discovery, expression studies, and
polymorphism analysis. Here, we employed ESTs to
identify MES and SES events. The alignment of junc-
tions with ESTs were made using BLAST with an E-
value threshold of le-10. Furthermore, it was required
that each alignment spanned at least the middle 50 nt of
a junction (=25 nt for each exon) and showed nucleo-
tide identity of =95%, for which the threshold was set
according to the estimation that ESTs have an error rate
of ~ 3% [20]. Using these criteria, MES and SES events
were identified. For convenience, we will refer to splice
variants produced by MES/SES events as MES/SES iso-
forms. The number of ESTs corresponding to an MES/
SES isoform was used as an estimate of expression level
of this isoform. This feasible method was also employed
in other works (e.g., Ref. [21]).

2.2 Calculation of proportion of MES/SES isoforms
expressed only in tumors

The tissue origins of ESTs were obtained from UniLib
(ftp://ftp.ncbi.nih.gov/repository/UniLib) annotations of
libraries where ESTs were derived. We then determined
whether an MES/SES isoform expressed in normal tissues
or tumors based on the expression status of ESTs support-
ing this isoform.

When calculating proportions of MES/SES isoforms
expressing only in tumors, we considered only isoforms
supported by multiple ESTs, because it was unreliable to
judge the expression status of those events supported only
by a single EST.

2.3 Calculation of fold change

The fold change of an MES/SES isoform is defined as
the isoform expression level in tumors divided by the
expression level in normal tissues. In the case that nor-
mal expression level was zero, a policy was adopted
which increased both normal and tumor expression
levels by a small number. Here we added them to
one, which is the smallest quantity. Just as mentioned
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gene sequence information from
human and mouse genomes

remove orthologs whose gene
sequences cannot be determined

A

orthologous genes with sequence
information

remove orthologous genes whose
exon numbers are not equal

orthologous genes with equal numbers
of exons

construct exon-exon junctions for all
possible human exon skipping events

human ESTs

align the junctions with ESTs

MES and SES events

Fig. 1 Pipeline of data set generation

above, we considered only isoforms supported by mul-
tiple ESTs to improve the precision of calculated fold
changes in the analysis.

2.4 Determination of conservation status of MES and
SES events

To judge which events in human genes are conserved, we
identified exon skipping events in mouse orthologous
genes using the same method mentioned above. A nor-
mal MES/SES event in human was considered as con-
served if it was observed in the same location in the
mouse orthologous gene and also expressed in normal
tissues.

2.5 Selection of MES and SES subsets with skipped
regions of similar length distributions

Three steps were taken to generate subsets of events in
which MES and SES removed regions of similar length
distributions. First, we set a skipped region length range
of 80-400 nt, which covers most MES and SES events.
Second, this range was divided into many intervals, each
with a length of 10 nt. Finally, for each interval, equal
numbers of MES and SES events with skipped region
lengths lying in this interval were selected. According to
this procedure, MES and SES events in the subsets must
have skipped regions of similar length distributions, and
there must be equal numbers of MES and SES events in
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the subsets. In this way, we obtained 660 MES and 660
SES events in human.

3 Results

3.1 Data set

Using EST alignment, we identified MES and SES
events in the human genes (see Sect. 2), and MES
events were further grouped by their skipped exon
numbers. Figure 2(a) shows the counts of events skip-
ping different numbers of exons. It can be observed
that the count of events basically decreases as the
skipped exon number increases. Moreover, there are
more SES events than in any other groups, and exon
skipping events removing large numbers of exons are
rarely seen (Fig. 2(a)). These results are consistent with
the observation that skipped region lengths of AS
events follow the power law distribution and that
small-sized events are predominant [22]. Based on these
observations, we considered only exon skipping events
which remove < 12 exons in this paper, because events
skipping higher numbers of exons can be expected to be
rare. Eventually, we obtained 1419 MES and 4539 SES
events in the human genes, which constituted our data
set.
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3.2 Analysis of association of MES and SES events with
tumors

To investigate the possible association of MES and SES
events with tumors, we first examined MES and SES iso-
forms (i.e., splice variants produced by MES/SES events)
that express only in tumors (see Sect. 2). These isoforms
are probably associated with tumors, and the proportion
of these tumor-specific isoforms in MES is 27.27%, higher
than that in SES, which is 22.28%. A Fisher’s exact test
showed that this difference is significant (p-
value = 0.017). Furthermore, MES events were classified
according to their skipped exon numbers, and the propor-
tion of isoforms expressing only in tumors was calculated
for each group. Figure 2(b) shows the results for events
with one to five skipped exons. It can be seen that the
proportion of isoforms only in tumors generally becomes
larger as the skipped exon number increases (Fig. 2(b)).
Results of other groups with higher numbers of skipped
exons are not shown, because events in these groups are
quite few.

We also analyzed the fold change, which measures the
increase of expression level in tumors relative to that in
normal tissues (see Sect. 2). A fold change greater than
one shows that the corresponding isoform expresses at a
higher level in tumors than in normal tissues. The greater
a fold change, the larger the increase of expression level in
tumors. Figure 2(c) shows medians of fold changes of
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Fig. 2 Relations of some measures with skipped exon number. (a) Count of events; (b) proportion of events expressing only in
tumors; (¢) median of fold changes; (d) proportion of conserved events
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exon skipping events removing different numbers of
exons. Events skipping > 5 exons were not included for
their small quantities. There is an ascending trend of fold
change as the number of skipped exons increases, indi-
cating that the more skipped exons, the greater the
increase of expression level in tumors.

3.3 ALG-2: a case study

An example was selected for detailed analysis to achieve
an in-depth understanding of the association of MES
events with tumors. Among genes involved in our data
set, the human ALG-2 gene is a well-studied one. It has
been found that ALG-2 has the ability of Ca** binding and
is involved in multiple cellular processes such as apopto-
sis, proliferation and protein trafficking [23-25]. In our
analysis, an MES event and an SES event have been
observed in ALG-2 (Fig. 3). The SES event skips exon
4, while the MES event skips exon 3 and exon 4. The
common skipped region, exon 4, is 159 nt in length, and
the MES event removes an additional part, the 45 nt-long
exon 3, whose length is only about one third of the com-
mon skipped region. Interestingly, it was observed that
the MES isoform only expresses in tumors, while the
SES isoform is present only in normal tissues.

To understand the association of the MES event with
tumors, we investigated the impacts of the MES and SES
events on the protein product. As both these events are
located in the annotated CDS region and preserve the
reading frame, the effect of either event on the annotated
protein product comes in the form of simply removing a
fragment of protein sequence. Based on the Conserved
Domain Database (CDD v2.13 http://www.ncbi.nlm.
nih.gov/Structure/cdd/cdd.shtml), three domains were
predicted on the annotated protein sequence (Fig. 3):
two EFh domains and one FRQ1 domain, all of which
are related to Ca®* binding. In Fig. 3, the thick black line
represents the protein sequence of ALG-2, while the gray
boxes represent the domains predicted by CDD. MES
and SES events are also indicated. It was observed that
for one EFh domain and the FRQI domain, the MES
event removed longer parts from them than the SES
event (Fig. 3). Particularly, for one EFh domain, the
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part deleted by the MES event was almost two-fold as
long as that removed by the SES event (Fig. 3).
Interestingly, EFh domains usually appear in pairs or
high copy numbers, indicating that multiple EFh
domains might cooperate to function properly and that
destruction of any of these domains may abolish such
function. In this situation, the MES event may influence
the protein function more drastically than its SES
counterpart, and this drastic effect might contribute to
its association with tumors.

3.4 Analysis of conservation level

Gene products with functional defects are generally
thought to be eliminated during evolution. Therefore,
conservation analysis may provide additional evidence
for the association of MES events with tumors.

Human normal MES and SES events conserved in
mouse were first identified, and the proportion of these
conserved events in the MES category is 5.51%, much
lower than that in SES, which is 14.30%. A Fisher’s exact
test showed that the difference is significant (p-
value = 4.64e—13). This result indicates that MES events
are less conserved than SES events.

Following the same procedure above, we next subdi-
vided MES events into different groups according to their
skipped exon numbers and calculated conservation level
in each group. The results, together with the conservation
level of SES, are shown in Fig. 2(d) (results of groups
skipping >5 exons are not shown), which shows that
the conservation level decreases monotonously with the
increasing number of skipped exons. Strikingly, the con-
servation level drops sharply (> 50%) from one-skipped-
exon group to two-skipped-exon group (Fig. 2(d)).

It should be noted that our results could be affected by
exon numbers of annotated genes. It is to be expected that
the skipping of many exons in a gene with a small number
of exons is rare. For example, MES events cannot occur in
genes with just three annotated exons. Therefore, it is
possible that the above results are simply caused by dif-
ferent annotated exon numbers between conserved and
non-conserved events. To address this possibility, exon
skipping events in MES and SES categories were further
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Fig. 3 MES and SES events of ALG-2
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classified into several groups based on exon numbers of
corresponding annotated genes. In each group, propor-
tions of conserved events were calculated for MES and
SES (Fig. 4). It was found that in each group, the conser-
vation level of MES events was still much lower than that
in the SES category (Fig. 4). Therefore, the annotated
exon number bears little impact on our results.
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Fig. 4 Proportions of conserved events among MES and
SES events grouped by annotated exon numbers

3.5 Comparison of MES and SES subsets with skipped
regions of similar length distributions

After observing the above differences between MES and
SES events, we sought to investigate their origin. Do these
distinctions stem solely from the removal of longer
regions by MES than by SES events? Or do they originate
from some intrinsic differences between MES and SES
events? To answer these questions, we selected subsets of
MES and SES events with skipped regions of similar
length distributions (see Sect. 2) and compared them in
the aspects mentioned above.

It was observed that the MES subset still had a signifi-
cantly larger fraction of events which expressed only in
tumors than the SES subset (p-value =0.029, Fisher’s
exact test). Furthermore, the analysis of another indicator
of tumor association, fold change, showed that the me-
dian of MES was greater than that of SES, although the
difference was not significant (MES median: 2, SES me-
dian: 1). We then examined conservation levels in the
MES and SES subsets and found that the proportion of
conserved events in the MES subset was 6.32%, signifi-
cantly lower than the proportion in the SES subset, which
was 11.63% (p-value =0.012, Fisher’s exact test). This
result indicated that in the subsets, MES events were still
less conserved than SES ones.

Overall, these findings show that the distinctions
between MES and SES events still exist even if their dif-
ference in skipped region length vanishes.
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4 Discussions

In this paper, we presented a genome-wide analysis of
MES events and showed that MES events are different
from SES events in terms of association with tumors
and conservation level. It is to be noted that these differ-
ences remained even if we compared subsets of MES and
SES events with skipped regions of similar length distri-
butions.

Our results showed that MES events are more likely
associated with tumors than SES events. Detailed analysis
further revealed an increasing possibility of association
with tumors as more exons are skipped. Consistent with
our results, Hui et al. suggested that different splice var-
iants might each possess distinct potential in carcinogen-
esis [4]. The association of MES events with human
tumors obtained further evidence from the observation
that MES events are much less conserved than their SES
counterparts because tumor-associated AS events can be
expected to be eliminated during evolution.

There might be two reasons explaining why MES events
are more likely associated with tumors. First, compared
with SES events, MES events generally delete much longer
sequences, which may drastically influence the final pro-
tein products and might generate non-functional or even
deleterious products. This explanation is supported by the
aforementioned ALG-2 example as well as by a recent
report which showed that AS events with mild changes
are favored in evolution [26]. In fact, our data set is domi-
nated by SES events, which is also consistent with a study
showing that as much as 60% of AS events are less than 50
aa [22]. Second, compared with SES events, MES events
may have a more complex regulatory mechanism, thereby
increasing the likelihood of splicing mistakes. This can
explain our finding that differences could still be observed
even when MES and SES subsets with skipped regions of
similar length distributions were compared. The complex-
ity of the regulation of MES events may not only originate
from the fact that they need to remove more exons, but
may also stem from possible linkage of these skipped
exons because they must all be removed in a single event.
For example, in a hereditary non-polyposis colorectal
cancer (HNPCC) family, affected family members were
found to express hMLH1 mRNAs lacking exons six and
seven, and further analysis suggested that the skipping of
exon seven might be the prerequisite of skipping exon six
[27].

Our results may also have some clinical meanings. We
have shown that MES isoforms are possibly associated
with human tumors. Meanwhile, studies based on splicing
microarrays have demonstrated that individual mRNA
isoform profiling can provide critical diagnostic informa-
tion which cannot be captured by total transcript profiling
[8,9]. Therefore, MES isoforms may possess great diag-
nostic potential and should receive more attention in bio-
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marker identification. It should be noted that the develop-
ment of diagnostic strategies employing specific MES iso-
forms does not require knowledge about whether these
isoforms are causative factors for tumors or products of
abnormal cellular activities; only the association between
specific MES isoforms and tumors is sufficient to make
these isoforms potential biomarkers [3,8].

Alternative splicing is often observed in human tumors,
and research work in this field has both theoretical and
clinical relevance. In this paper, we studied MES events
that previously attracted little attention, and provided
evidence for the possible association of these events with
tumors. Our results shed light on the relationship between
splicing and tumors and may be helpful in developing
novel diagnostic approaches.
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