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ABSTRACT. Although alternative splicing of many genes has been
found associated with different stages of tumorigenesis and splicing vari-
ants have been characterized as tumor markers, it is still not known
whether these examples are sporadic or whether there is a broader as-
sociation between the two phenomena. In this report we evaluated,
through a bioinformatics approach, the expression of splicing factors in
both normal and tumor tissues. This was possible by integrating data
produced by proteomics, serial analysis of gene expression (SAGE) and
microarray experiments. We observed a significant shift in the expres-
sion of splicing factors in tumors in both SAGE and microarray data,
resulting from a large amount of experiments. We discuss that this sup-
ports the notion of a broader association between alternative splicing
and cell transformation, and that splicing factors may be involved in on-
cogenic pathways.
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INTRODUCTION

Most human genes undergo a post-transcriptional process, called splicing, that is re-
sponsible for the excision of introns from unprocessed messages (Berget et al., 1977; Chow et
al., 1977). In many cases, more than one mature mRNA is produced by the alternative choice of
splicing sites by the splicing machinery (including the spliceosome and various serine-arginine
(SR) proteins). The biological significance of alternative splicing is well represented in many
examples, including sex determination in Drosophila and sound recognition in complex verte-
brates (see Modrek and Lee, 2002; Black, 2003). It is quite likely that most human genes
undergo alternative splicing with consequences for almost all aspects of cellular physiology.

Recent reports have suggested a widespread occurrence of new splicing variants in
tumors (Wang et al., 2003; Xu and Lee, 2003). Splicing variants from such genes, including
CD44, WT1, cd79b, bin1, and Syk have also been shown to be associated with different
aspects of tumorigenesis (Ge et al., 1999; Naor et al., 2002; Baudry et al., 2002; Cragg et al., 2002;
Wang et al., 2003). Therefore, there is a growing body of evidence suggesting that splicing
variants can be used as tumor markers and that alternative splicing can accompany the process
of tumorigenesis (Lee and Feinberg, 1997; Caballero et al., 2001; Adams et al., 2002). The cell
surface protein CD44, for example, exhibits a large number of splicing variants that seem to be
associated with the progression of certain tumors to an invasive state (see Naor et al., 2002).
Splicing variants of the gene WT1 seem to be associated as well with different aspects of
tumorigenesis (Menke et al., 1997). It has been suggested that a balance between two variants,
with and without WT1 exon 5, affects several aspects of cell physiology in Wilm’s tumor (Baudry
et al., 2002). It is still unknown, however, whether these examples are sporadic or if there is a
broader and more significant association between alternative splicing and tumorigenesis.

We investigated this possible association between alternative splicing regulation and
tumorigenesis by performing a large-scale in silico analysis of the expression profiles of 145
genes encoding proteins shown to be involved in the splicing process. Expression data from
tumor and normal samples derived from colon, brain, breast, and prostate tissues were used.
This was possible by making use of collections of data produced by proteomics, serial analysis
of gene expression (SAGE) and microarray analyses. We observed a significant shift in the
expression of splicing factors in tumors. This supports the notion that there is a broader associa-
tion between alternative splicing and cell transformation, and that splicing factors may be in-
volved in oncogenic pathways.

MATERIAL AND METHODS

Gene accession number assignment

The supplementary data from Zhou et al., 2002 were downloaded, and for each splicing
factor a corresponding cDNA sequence was manually retrieved from GenBank. The division
into 17 functional ontology groups was maintained.

SAGE tag assignment

A virtual SAGE tag corresponds to the 10-bp sequence immediately downstream of the
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3’ most NlaIII site of a given transcript (Boon et al., 2002). One representative cDNA se-
quence was selected for each splicing factor. A full insert mRNA was chosen that showed
either a poly A signal and/or a poly A tail. These sequences were then assigned a virtual SAGE
tag. The genes that did not fit one of the above criteria were excluded from further SAGE.

SAGE expression analysis

The “virtual” tags were used to query all SAGE libraries from brain, breast, colon, and
prostate. Throughout this report we refer to all libraries generated from either patient tumor
samples or from tumor cell lines as “tumor”. Frequencies of all tags were normalized (1 tag per
200,000) to take into account differences in library sizes. Genes were defined as over-ex-
pressed in either tumor or normal tissue when the difference in tag count was at least three-fold.

Simulation data sets

For the in silico simulation, 1000 lists of 145 tags were randomly generated from 17,795
different full insert mRNAs, as described above. A virtual SAGE tag was assigned to all genes
in all lists. The number of differentially expressed genes was calculated in each of the four
tissues mentioned above for each list of 145 tags.

Microarray expression analysis

The Oncomine database (www.oncomine.org) was manually queried for all 145 genes
using their gene names. Gene aliases were used when needed. Only studies comparing normal
against tumor tissues were queried and those genes not appearing in these categories were
defined as ‘not informative’. The logarithmic average of the log scores of all values in both
normal and tumor tissues was calculated for those genes for which more than one experiment
was performed in the same tissue. Throughout this report we refer to all libraries generated
from either patient tumor samples or from tumor cell lines as “tumor”. Genes were considered
differentially expressed when the average value of all normal or tumor tissue experiments was
at least three-fold its counterpart.

RESULTS

The observation that different splicing variants are associated with distinct features in
different types of tumors led us to investigate the expression pattern of splicing factors. Differ-
ential expression of splicing factors in tumors could cause changes in the expression of new
variants, when compared to their normal tissue counterparts.

 We tested the hypothesis that variations in the expression of components of the splicing
machinery are associated with tumorigenesis by using three datasets made publicly available to
the scientific community. First, a list of 145 different splicing factors was derived from a proteomics
analysis of functional purified human spliceosomes (Zhou et al., 2002). The original division of
the 145 genes into 17 functional ontology groups was maintained.

A representative cDNA sequence was retrieved from GenBank for each splicing fac-
tor. Then a “virtual” SAGE tag for each cDNA sequence was obtained by scanning the se-
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quence for a poly A signal and/or tail. This strategy was recently used by our groups to build
SAGE Genie (Boon et al., 2002), and it has generated a reliable set of gene-to-tag and tag-to-
gene assignments. Ten genes were excluded from further SAGE analysis, as they did not fit all
criteria for tag assignment. The collection of “virtual” SAGE tags was then searched against all
publicly available SAGE libraries derived from brain, breast, colon, and prostate. Figure 1 is a
graphical view of the tumor-normal ratio of differential expression for a subset of the splicing
factors (the whole set of data is available in Supplementary Table 1).
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Figure 1. The tumor/normal ratio derived from serial analysis of gene expression (SAGE) for a sample of splicing factors.
Each rectangle represents the tumor/normal (T/N) ratio for one gene in one tissue. Virtual SAGE tags were extracted from
the corresponding cDNAs retrieved from GenBank according to Boon et al. (2002) (see Material and Methods). Frequen-
cies of all tags were normalized (1 tag per 200,000) to take into account differences in library size. Columns correspond
to the different tissues and rows correspond to genes classified according to Zhou et al. (2002). SR = serine/arginine
proteins; snRNP = small nuclear ribonucleoproteins.
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A significant fraction of all splicing factors showed a different level of expression (>3-
fold difference) between normal tissues and their tumor counterparts. The numbers of differen-
tially expressed genes for breast, prostate, brain, and colon were 46 (32%), 43 (30%), 48 (33%),
and 58 (40%), respectively (Table 1). This level of differential expression was significant for all
tissues (P < 0.05) as evaluated by 1000 simulations of 145 randomly taken genes (32 ± 4.9, 32 ±
4.9, 27 ± 4.6 and 42 ± 5.4 random genes differentially expressed in breast, prostate, brain, and
colon, respectively, Table 1).

Tissue 1000 random simulations Virtual SAGE tags Microarray data

Differentially Tumor over- Differentially Tumor over- Differentially Tumor over-
expressed expressed expressed expressed expressed expressed

genes genes genes genes genes genes

Brain 27 ± 4.6 12 ± 3.4 48 (33%) 41 (85%) 48 (41%) 42 (88%)
Breast 32 ± 4.9 16 ± 3.8 46 (32%) 30 (65%) 70 (60%) 20 (29%)
Colon 42 ± 5.4 19 ± 4.2 58 (40%) 49 (84%) 58 (50%) 43 (74%)
Prostate 32 ± 4.9 15 ± 3.7 43 (30%) 25 (58%) 16 (14%) 9 (56%)

Table 1.  The number of differentially expressed and tumor over-expressed splicing factors in each of the tissues as
evaluated by 1000 random simulations and as indicated by virtual serial analysis of gene expression (SAGE) tag
counts and microarray data obtained from Oncomine (Rhodes et al., 2004).

Most of the differentially expressed factors in brain and colon were up-regulated in
tumors, 41(85%) and 49 (84%), respectively. However, this trend was not as pronounced in
breast and prostate, in which 30 (65%) and 25 (58%) of all differentially expressed splicing
factors were up-regulated in tumors, respectively. The simulation showed 16 ± 3.8, 15 ± 3.7, 12
± 3.4 and 19 ± 4.2, genes to be over-expressed in tumor in breast, prostate, brain, and colon
(Table 1).

The differential expression of factors was not evenly distributed among the 17 ontology
classes. For example, 11 of 14 examples within the category “non-snRNP assembly proteins”
were down-regulated in either breast or prostate. On the other hand, most transcripts belonging
to the “SR” class of splicing factors were up-regulated in all tumors (Figure 1).

We evaluated the expression pattern of all splicing factors in the same tissues by using
the Oncomine microarray database (version 1.0; Rhodes et al., 2004) as a means to validate the
above observation performed with SAGE data. In the Oncomine database, only 117 splicing
factors were informative (see Material and Methods). The numbers of microarray experiments,
per splicing factor, for prostate, brain, breast, and colon were on average 5.5, 4.3, 2.2, and 1.9,
respectively (see Supplementary Table 2 for the complete list of experiments per gene). We
found that 101 splicing factors (86%) showed differential expression (equal or higher than 3-
fold difference) in at least one tissue (see Material and Methods). Most of the differentially
expressed genes (73%) showed an average over-expression in tumors for at least one of the

Supplementary Table 1 is available at http://www.funpecrp.com.br/gmr/year2004/vol4-
3/pdf/icob07st01.pdf.

http://www.funpecrp.com.br/gmr/year2004/vol4-3/pdf/icob07st01.pdf
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tissues. Fifty-eight percent of the genes showed tumor under-expression in at least one of the
tissues. The expression pattern of all genes in the different tissues can be found in Supplemen-
tary Table 2. Similar to the SAGE, the microarray experiments showed that most of the differ-
entially expressed factors in brain and colon were up-regulated in tumor (42 of 48 - 88% and 43
of 58 - 74%, respectively). In breast and prostate the percentage of tumor over-expressed
genes was 20 of 70 (29%) and 9 of 16 (56%), respectively (Table 1).

Analyzing the microarray expression pattern of the genes according to their functional
spliceosome ontology groups (Table 2), one can observe that 6 of 8 down-regulated genes from
the non-snRNP assembly proteins occurred in breast. In brain, 10 of 17 ontology groups showed
only over-expressed genes in tumor. Three other ontology groups showed more genes over-
expressed in tumors than in normal brain. In colon, a similar, albeit weaker signal, was observed:
six ontology groups showed only genes that were over-expressed in tumors, while five groups
showed more genes being over-expressed in tumor than in normal colon.

Most (17 of 24 cases) of the splicing factors belonging to the Sm/Lm core proteins
category were over-expressed in tumor in at least one of the tissues. Among the seven factors
that were under-expressed in the same family, five appeared in breast, one in prostate and one
in brain. Furthermore, in 13 tumor samples factors from the “SR” category were over-ex-
pressed, while 4 of 5 down-regulated cases were found in breast.

DISCUSSION

Although there are several reports on splicing factors differentially expressed in tumors
(Ghigna et al., 1998; Scorilas et al., 2001; Maeda and Furukawa, 2001), this is the first large-
scale computational analysis approaching this issue. In general, we observed differential ex-
pression for a significant fraction of splicing factors. Over-expression was a general trend,
although this was more pronounced for colon and brain. Using our approach it cannot be deter-
mined whether tumor over-expression of splicing factors acts as a causative factor for tumori-
genesis or whether it is rather a consequence of the oncogenic process.

It would be interesting to investigate a possible correlation between this expression
pattern of splicing factors in tumors and the general splicing pattern of all expressed sequences.
Such analysis would show whether the over-expression of the spliceosome factors in fact does
cause an increase in the rate of alternative splicing, giving rise to increased expression of new
transcripts, or whether it enhances the expression level of the constitutively spliced transcripts.
In addition, it could shed some light on functional aspects of the splicing process. For example,
we show here that proteins associated with the U2 snRNP seem to be positively associated with
cell transformation in brain and breast. According to our SAGE analysis, there are 10 cases of
genes being over-expressed in brain and breast and only 3 genes down-regulated in colon.
According to the microarray data, three splicing factors associated with the U2 snRNP were
over-expressed in brain and/or colon tumors while only one was down-regulated in breast tu-

Supplementary Table 2 is available at http://www.funpecrp.com.br/gmr/year2004/vol4-
3/pdf/icob07st02.pdf.

http://www.funpecrp.com.br/gmr/year2004/vol4-3/pdf/icob07st02.pdf
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mors. The U2 ribonucleoproteic particle is associated with the definition of the 3’splice site and
it is therefore expected that variations in the expression of these factors will affect the choice of
the 3’ splice site. Thus, it may be expected that this choice of the 3’ splice site will be somehow
different between the above tissues.

Functional Informative Any of the Over-expression
ontology group factors four tissues

Brain Breast Colon Prostate

T N T N T N T N T N

SR proteins 10 8 4 4 0 2 4 5 1 2 0

Non-snRNP assembly 15 8 6 8 0 2 6 3 2 2 0
proteins

U1-specific proteins 4 3 2 1 0 0 2 3 0 1 0

U2 snRNP specific 3 3 1 2 0 0 1 2 0 0 0
proteins

U5-specific proteins 5 3 2 0 0 0 2 2 0 0 0

U4/U6-specific 4 3 3 0 1 0 2 3 0 0 0
proteins

U4/U6.U5-specific 1 1 0 1 0 0 0 0 0 0 0
proteins

Sm/Lm core 10 7 6 5 1 4 5 6 0 2 1
proteins

Catalytic step II 3 1 1 1 0 0 1 0 1 0 0

Spliced mRNP/EJC 5 1 3 1 1 0 2 1 1 0 0
proteins

Other splicing 6 4 2 2 0 0 2 2 0 0 0
proteins

RRM-containing 10 6 8 3 1 4 4 4 2 1 2
proteins

DExD box proteins 4 3 2 1 0 2 2 0 1 0 0

Proteins with 10 5 5 3 2 1 5 3 2 1 2
other known motifs

Proteins with 9 4 5 1 0 2 4 2 3 0 1
no known motif

Cyclophilin-like proteins 5 3 1 0 0 2 0 1 1 0 0

Proteins designated 13 11 8 8 0 1 8 5 1 0 1
as H-complex component

Total 117 74 59 42 6 20 50 43 15 9 7

Table 2. The  number of splicing factors in each of the tissues according to their different spliceosome ontology
groups as evaluated by microarray data available from the Oncomine database (Rhodes et al., 2004).

T = tumor; N = normal sample; snRNP = small nuclear ribonucleoproteins; EJC = exon junction complex; RRM = RNA-
recognition motif.
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For two other categories, the Sm/Lm core proteins and the “SR” proteins, a similar
trend was observed; the functional impact of over-expression of splicing factors from these
categories remains to be investigated.

We used experimental expression data from SAGE libraries and from microarray data
available online from the Oncomine database (Rhodes et al., 2004) to evaluate the expression
pattern of all splicing factors characterized by a proteomics approach. A correlation between
these two data sources has been shown before, especially in genes having high expression
levels (Ishii et al., 2000; Evans et al., 2002). The data presented here confirm this trend. How-
ever, there are still few experiments per tissue source available for the microarray analysis.
When more data become available, more solid statistical analyses should be done to obtain a
realistic picture of the variability found in the expression pattern between samples.

There is a growing body of evidence suggesting that several oncoproteins can act as
splicing factors (Burns et al., 1999; McGarvey et al., 2000; Meissner et al., 2003). It would be
interesting to test whether there is an overlap between oncogenic and splicing pathways. We
observed that, according to SAGE, 15 splicing factors were up-regulated in at least three types
of tumors. Microarray analysis revealed 11 of such factors. We found 7 of the splicing factors
to be known genes related to cancer. Experimental analyses are needed to evaluate whether
splicing factors have oncogenic activity in vivo.

Our data support the possibility that altered gene expression of splicing factors might be
involved in the differential rate of alternative splicing in human tumors, therefore establishing a
broader association between cell transformation and alternative splicing.
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