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Abstract

Gene expression can be regulated not only by transcription and post-transcriptional modifications, but also by splicing regula-
tion. Recent genome-wide analyses have indicated that up to 70% of human genes may have alternatively spliced forms, suggesting
that splicing regulation affects a wide range of gene expression. Tumor tissues show significantly altered protein expressions, and this
is also thought to be affected by alternative splicing. Although some alternative splicing events have been reported to be cancer spe-
cific and others have been predicted from database analyses, the process of alternative splicing and its regulatory machinery are
hardly understood. We searched for and detected alternative splicing events that alter protein splicing in all or a subset of tumor
tissues. The results revealed tissue-specific alterations of splicing regulation by tumorigenesis, and regulatory cis-element analyses
further suggested that multiple splicing regulatory machineries were affected by this process.

© 2005 Published by Elsevier Inc.
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Pre-mRNA splicing is a ubiquitous nuclear process,
in which introns are excised and exons are ligated. Alter-
native splicing, which is now commonly thought to
affect more than half of all human gene expression, gen-
erates the functional complexity of the proteome by pro-
ducing several kinds of mRNA from one gene [1,2]. In
addition, dysregulation of the splicing machinery, which
causes misrecognition of 3’- or 5’-splice sites, generates
aberrant mRNAs, and produces greater heterogeneity
of pre-mRNA processing [3].

Many researchers have analyzed and detected cancer-
specific protein expression patterns at the transcription
or protein expression levels, and reported these as cancer
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markers [4]. However, protein expression can be regulat-
ed not only by transcription, translation or post-transla-
tional modifications, but also by the splicing regulation
[5,6]. By changing the exon selection, the amino acid se-
quence of the protein encoded by the mRNA can be dra-
matically changed, or a stop codon created by a
frameshift can destroy the open reading frame. Further-
more, although exons altered in the 3’- or 5’-untranslat-
ed region do not affect the amino acid sequence, they
can influence the stability, transport efficiency or trans-
lational efficiency of mature mRNA, and also modify
the protein expression.

In addition to many kinds of tissue-specific alterna-
tive splicing, it has been reported that some genes
change their alternative splicing pattern in response to
signals from the extracellular matrix [7-9], environmen-
tal stress [10,11] or tumorigenesis [12-17]. Such exam-
ples indicate that protein expression can be affected by
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splicing regulation, and suggest that some cancer-specif-
ic protein expression patterns are caused by cancer-spe-
cific alternative splicing. Some alternative splicing events
have been reported to be cancer specific from compari-
sons of normal tissues with tumor samples or tumor de-
rived cell lines [12-16], while others have been based on
analyses of databases, such as GenBank [18-22].

Here, we tried to detect cancer-specific alternative
splicing and examined the regulatory mechanism. Using
a splicing database established by comparing the
UniGene clusters of human expressed sequence tags
(ESTs) and the human genome sequence [22], as well
as many other reports [12-17,23,24], we selected targets
for our analyses and checked their cancer specificities.
Furthermore, the detected cancer-specific examples were
also examined for their regulatory mechanisms. The re-
sults strongly suggest the existence of cancer-specific
alternative splicing and tissue-specific alterations, and
indicate that a variety of mechanisms are influenced by
tumorigenesis.

Materials and methods

Cell culture. The human colon carcinoma cell line SW480, human
lung adenocarcinoma cell line A549, and human kidney renal clear
cell carcinoma cell line Caki-1 were provided by the Cell Resource
Center for Biomedical Research Institute of Development, Aging and
Cancer (Tohoku University, Japan), and maintained in RPMI1640
medium supplemented with 10% fetal calf serum. The human endo-
metrial adenocarcinoma cell line Hec-1 was provided by the Health
Science Research Resources Bank (Tokyo, Japan), and maintained in
Eagle’s minimum essential medium supplemented with 10% fetal calf
serum.

RNAs and RT-PCR. Human total RNAs from normal and tumor
tissues were purchased from Novagen. Other RNAs were prepared
from tissues or cells using an RNeasy Mini Kit (Qiagen). A random
hexamer primer and MMLV reverse transcriptase (Invitrogen) were
used for reverse transcription according to the manufacturer’s proto-
col. PCR was performed with 17ag DNA polymerase (TaKaRa) as
follows: 1 min at 94 °C for denaturation, 30 cycles of 1 min at 94 °C,
30 s at 55°C and 1 min at 72 °C for amplification, and 5 min at 72 °C
for extension. The primers used for PCR were either gene specific and
designed to detect endogenous splicing (listed in Table 1), or SA2
(ATCTCAGTGGTATTTGTGAGC) and SD6 (TCTGAGTCA
CCTGGACAACC) to detect exon trapping products. The PCR
products were electrophoresed in 7.5% acrylamide gels.

Exon trapping. Genome sequences around each target exon were
amplified from human genomic DNA prepared from cultured cells using
platinum Tagq Pfu (Invitrogen), checked for their sequences, and then
cloned into the BamHI/EcoRI sites of the pSPL3 exon-trapping vector
(Life Technologies), which was modified to be driven by the CMV
promoter. The primers for amplification of the genomic fragments were
as follows: et-TPMI1: forward, GAATTCAGCATGACCTTCTGG
CAGCT and reverse, GGATCCATATCAAATGGCACACTGCA;
et-TPM1L: forward, GAATTCATGTGTATTTTATCCCTCCT and
reverse, GGATCCTAAAATGGATCAGAAACTAC; et-ACTNI:
forward, GAATTCGAGGGCACCCCCTGGAGCCT and reverse,
GGATCCACCAGTCCTTCCTGCCAGCC; et-ITGB4: forward,
GAATTCTTCCTCTCTTCCAGCTCCTG and reverse, GGATCCG
CAGGCCCTGCTTGTGCCAA. The other vectors for exon-trapping
analyses were constructed by modifying these.

Plasmids were transfected into cells using Lipofect AMINE 2000
(Gibco) according to the manufacturer’s protocol. At 24 h after
transfection, total RNAs were prepared for RT-PCR.

Sequence analysis. The ASAP database (http://www.bioinformat-
ics.ucla.edu/HASDB/) was used to search for cancer predominant
alternative splicing. The primers for RT-PCR analysis of each target
are described in Table 1. For some genes, a forward primer and a
reverse primer could detect both of the alternatively spliced products,
while other genes required an additional primer to be designed.

The sequence data were referred to the GenBank as follows;
AL050179, tropomyosin 1 (o) (TPM1); NM_000213, integrin 4
(ITGB4); NM_001102, actinin, o 1 (ACTN1); NM_018297, N-gly-
canase 1 (NGLY1); AF062341, catenin & 1 (pl120ctn); NM_022974,
fibroblast growth factor receptor 2 (FGFR2); NM_001156, annexin
A7 (ANXAT7); NM_006112, peptidylprolyl isomerase E (PPIE).

Results
Detection of cancer-specific splicing

Lee et al. [22] have built up an online database termed
as ASAP (Alternative Splicing Annotation Project), in
which cancer predominant alternative splicing is listed
with a predominancy score estimated from the UniGene
EST database and the human genome sequence. Howev-
er, it remains unknown whether the alternative splicing
events listed as cancer specific actually alter the splicing
patterns in tumor tissues. We selected 50 alternative
splicing examples from the ASAP list as targets for
our cancer-specificity analysis, based on their cancer
predominancy score and the simplicity of their alterna-
tive splicing patterns for further analyses. In addition,
nine targets were selected from alternative splicing
examples reported to be cancer specific [12-17,25-27],
and four targets from reported exclusive patterns of
alternative splicing [23,24]. For each of these total 63
alternative splicing targets, specific forward and reverse
primers were designed to detect both alternatively
spliced products, and their endogenous splicing patterns
in human normal and tumor tissues were compared. The
examined tissues were the colon, kidney, lung, and
uterus.

For 31 of the 63 examples, both the expected alterna-
tively spliced products were detected. Among these 31
examples, 21 showed apparent differences between the
normal and tumor alternative splicing patterns in at
least one tissue, with six showing a difference in all four
tumor tissues examined (Table 1). Fig. 1 shows the re-
sults for three of these six examples. TPMI showed
the exclusive alternative splicing at exon 6. RT-PCR
detected both the splicing products, which had to be dis-
tinguished by digestion with the restriction enzyme
Poull since the lengths of the two alternative exons were
the same. In all four tissues, the splicing event including
exon 6a was more predominant in tumor tissues than in
normal tissues. Interestingly, when four cell lines derived
from tumor tissues corresponding to the four tissues
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Table 1

Alternative splicing events examined in this study

Gene UniGene No. Normal/tumor Forward-1 Forward-2 Reverse-1 Reverse-2
C K L U
TPM]I Hs.133892 X X X X ACATTGCTGAAGATGCCGAC TCAGCTTGTCGGAAAGGACC
ITGB4 Hs.370255 X X X X TAAGCACATCCTCCACCCTC ACTCTGAGAGATGTGGGCCC
GAJ Hs.294088 X X X X GGTTGACTGTGAGAGGATCG ATTTCATGGAAGCAGCAGCC AAGCTCTTTTGC
TAGCCTGG
CPTIB Hs.439777 X X X X CGTCATCATGGCAACAGTGG ATGGCCATGCTGAGAAGTGC
ACTN4 Hs.270291 X X X X CCGTATAAGAACGTCAATGTGC GTTCTCTTGGTTGACAGCCAGC
ACTNI Hs.509765 X X X X GAGCAGATGAATGAGTTCCG TGAAGTCAATGAAGGCCTGG
CYP2C8 Hs.282871 X X — — TTTCACTCTGGAGACAGAGC ATACACGGTGAACACAGGAC
CYP2C8 Hs.282871 — X — — TTTCTCCCTCACAAACTTGC GGGAGTTCAGAATCCTGAAG
NGLYI Hs.368960 — — — X TTTCTGGATGGGAGAATGGC GACATCACCATCTCCTCTGC
AKAPI Hs.463506 X — — — ACCCCGATGGTAGCCGAGGA CCTTGGTGGCAGAACCGAGC CACCTGCTGCTCATCATGGC
HRLPS Hs.410316 — X — — CAGTACAGCCTGATTGAAGG AACTCTTCCTCTAGCTGGAG
WRB Hs. 198308 — — X — GTGCTCAGCTTCGTGTTTGG GAGAGTTGTCCCTACTGTGC AGAGCTCCTGCTTCATGTCC
WDR4 Hs.248815 X X X — ATTCTGGCGTCCACCTTCTC AGACGTCTCCAGACTTGTCG
BAGS Hs.5443 — X — X AGCTGCGGAAGTCGTGGAAG CCGTAAAGGGCTGATCTTCC CACTGAAGCCGATAACTTGC
ZNF265 Hs. 194718 — X — — CATCATCTTCTCCTGAGAGG TTTGAACTTGAACGGGAACC
MOXDI Hs.6909 — X — X GAGGCTAAGGAGAATGGAAC ACTGGGGTTTAGGTAGTGAG TGATGATTCCTT
TGAGGATG
CD44 Hs.502328 — X X CCTACTGATGATGACGTGAGCAGCG TCAGATCCATGAGTGGTATG
GGACC
p120ctn Hs.166011 — X X X GAAGCCAGAGCAGTCATTCA CCCAGATGGAACGGAGATA
FLT4 Hs.415048 X — — — GCAGGCATAGACAAGAAAGC CTTGTCCACTTTCATGCTCC CGCTGTTGTAA
AACACCTGG
KRT8 Hs.533782 — — — X CTATATGAAGAGGAGATCCG TACATGCTCTCAGCCTCAGC
FGFR2 Hs.533683 — X X X AGAACGGCAGTAAATACGGG GCTATCTCCAGGTAGTCTGG
BNIPI Hs. 145726 — — — — TGTTCAGGACCCTTAAGTGC TGTGATTCTCCACTTCCTGG
CREB3LI Hs.405961 — — — — TGAACTGTGGAAGAAGGTGG CTTTGGGCCAGAAAGGAACC CACCAGAACAA
AGCACAAGG
KCNAB2 Hs.440497 — — — — GTATCCAGAATCAACGACGG ATGTTCCAAGTCCCAGGCAG
ANXA7 Hs.386434 — — — — TTTCCTGGAGGACAGATGCC ATAGCATCGAAGTTGGCAGC
CCNDBPI Hs.36794 — — — — TGTGAACAAGTCCATGCTGC TTGGTATCTGAGGCATCTGC
BCASI Hs.400556 — — — — GGTTTCACCTAACAAAGCTG GCATCCTTTGGAATTCTTGC
PPIE Hs.524690 — — — — CTGGGAAGACGCTTGAAGAG AAATTCTCTGCTGTCATGGG
MCM7 Hs.438720 — — — — GATGGCACTGAAGGACTACG ACGGGCTCTTTATTCTTCGC GGTTCCCATACTTGAACTGC
SERF2 Hs.424126 — — — — GCAACGTCCGACAGAACGAG GCAGAAAGCCCGTCATCTCG
ITGA6 Hs.133397 — — — — GAACTGTGTGAACATCAGA TTCCCTCATACTTCGGATTGA

Genes for which both the alternatively spliced products were detected are listed with their specific primer sequences. The splicing events in normal and tumor tissues are compared. C, colon; K,
kidney; L, lung; U, uterus; X, a difference is detected; —, no difference is detected.
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Fig. 1. Alternative splicing events influenced in all four tumor tissues.
For each indicated gene, the genomic structure around the alterna-
tively spliced exons with the sizes of the exons and introns are shown
above. The transcripts in the indicated tissues or cells detected by RT-
PCR are shown with their exon compositions below. The alternatively
spliced exons are represented by black or gray boxes. Two fragments
from TPMI were distinguished by Pvull digestion. N, normal tissue;
T, tumor tissue; S, SW480 cell line; C, Caki-1 cell line; A, A549 cell
line; H, Hec-1 cell line.

were examined, the tumor splicing patterns were
remarkable, i.e., almost all the splicing products in these
cells contained exon 6a, rather than exon 6. ACTNI
showed exclusive alternative splicing at exon 19. The
forward exon (exon 19) was predominant in tumor tis-
sues, as well as in the cell lines. ITGB4 showed one alter-
natively spliced exon between exons 34 and 35.
Suppression of the alternative exon (exon 34b) was more
prominent in all four tumor tissues, as well as in the cell
lines. Thus, the tumor predominant alternative splicing
of these three examples was also predominant, or more
remarkable, in the tumor derived cell lines, indicating

that the alterations of the splicing machineries regulat-
ing these splicing events were maintained or enhanced
in the cell lines.

Examples of genes that changed their alternative
splicing patterns in only a subset of the tumor tissues
are shown in Fig. 2. Inclusion of exon 10 of NGLYI
was suppressed in tumors of the lung and uterus, while
no difference was detected in tumors of the colon and
kidney. The spliced product of pI120ctn containing exons
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Fig. 2. Alternative splicing events influenced in a subset of tumor
tissues. For each indicated gene, genomic structure around the
alternatively spliced exons with the sizes of the exons and introns are
shown above. The transcripts in the indicated tissues detected by RT-
PCR are shown with their exon compositions below. The alternatively
spliced exons are represented by black or gray boxes. Two fragments
from FGFR2 were distinguished by EcoRV digestion. N, normal tissue;
T, tumor tissue; asterisks, unidentified fragments.
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18, 19, and 20 was more abundant in tumors of the kid-
ney, lung, and uterus, but not in tumor of the colon. The
forward exon of the exclusive alternatively spliced exons
in FGFR2 was predominant in tumor of the kidney and
uterus, similar to TPMI and ACTNI, whereas no
change was observed in tumor of the colon and it was
predominant in normal lung tissue rather than in lung
tumor tissue.

Fig. 3 shows the alternative splicing patterns of
ANXA7 and PPIE, for which no alterations due to
tumorigenesis were detected in any of the four tissues
examined.

Exon-trapping analysis

Exons are recognized by the splicing machinery
through cis-acting regulatory sequences on the pre-
mRNA and frans-acting factors associated with them,
in addition to constitutive splicing factors defining each
splice site [1].

To determine such cis-acting elements on the pre-
mRNAs responsible for the splicing regulation of the
picked-up examples in Fig. 1, exon-trapping vectors
containing human genomic sequences around the alter-
natively spliced exons or their mutants were constructed,
and the splicing of each transcript was examined in the
tumor derived cell lines SW480 (Fig. 4). The spliced
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Fig. 3. Alternative splicing events not influenced in tumor tissues. For
each indicated gene, the genomic structure around the alternatively
spliced exons with the sizes of the exons and introns are shown above.
The transcripts in the indicated tissues detected by RT-PCR are shown
with its exon compositions below. The alternatively spliced exons are
represented by black or gray boxes. N, normal tissue; T, tumor tissue.
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Fig. 4. Exon-trapping analyses. For each indicated gene, the con-
structs of the exon-trapping vectors and their derived transcripts in the
tumor derived cell line SW480 detected by RT-PCR are shown. The
lines and boxes represent the introns and exons of the genes, and their
alternatively spliced exons are represented by black or gray boxes. The
dotted lines and boxes represent the introns and exons derived from
the vector. The exon compositions are indicated, and those of the
et-TPM1 transcripts are determined by Pvull digestion (arrows).

products detected by RT-PCR in the four cell lines
(SW480, A549, Caki-1, and Hec-1) showed almost the
same patterns (data not shown).

All the spliced products from the et-TPMI1 vector
contained exon 6a, consistent with the endogenous
TPM]I transcripts. However, a subset of the products
also contained exon 6, and the pattern did not change
with the et-TPMI1L vector, which contained a larger
amount of the genomic sequence. These results indicate
there are cis-elements on the more distal area that sup-
press the inclusion of exon 6. Since the et-TPM1EX vec-
tor, in which exon 6a and 6 exchange their positions,
lead to definite inclusion of exon 6 and part inclusion
of exon 6a, this exon selection appeared to be regulated
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by cis-elements on the intron in the et-TPMI1EX vector,
and to be independent of the exonic sequence. In addi-
tion, the et-TPMI1E1 and et-TPM1E2 vectors, in which
both exonic positions are occupied by the sequence for
exon 6a or exon 6, respectively, showed similar distribu-
tions of the spliced products containing one or two
exons. These observations support the hypothesis de-
scribed above. A product with no exon, slightly detected
in some cell lines (data not shown), indicated regulation
by splicing enhancers on the distal area of the genome.

ACTNI had exclusive alternatively spliced exons sim-
ilar to TPMI, but the et-ACTNI1 vector produced
spliced products that either contained only exon 19 or
had no exon. The lack of detection of exon 19b inclusion
is consistent with the results for endogenous ACTNI,
but not with those for the et-TPMI1 vector, indicating
different distributions of the splicing regulatory cis-cle-
ments on the genome for ACTNI and TPM1. A product
with no exon, which was not detected in endogenous
ACTNI, was detected more clearly than in et-TPMI
transcripts. These observations support the hypothesis
of differential splicing regulation between ACTNI and
TPMI.

With the et-ITGB4 vector, no exon inclusion was
detected, similar to the endogenous ITGB4 transcript.
This result suggests that there are cis-elements for the
endogenous ITGB4 gene that suppress the inclusion of
exon 34b in tumors or enhance its inclusion in normal
tissue. The results for the et-ITGB4S and et-ITGB4AE
vectors, for no exon inclusion were also detected, indi-
cating that there is no suppressive cis-element at least
in the deleted sequence in these constructs.

Discussion

Cancer-specific alternative splicing of many genes has
previously been reported, and many researchers have
suggested the importance of splicing regulation for can-
cer-specific protein expression [5,6]. However, the mech-
anism underlying cancer-specific splicing and the overall
effect of alternative splicing on protein expression are
poorly understood. The huge amount of available
cDNA fragment data, which can be obtained from var-
ious recently established databases, makes it possible to
predict unpublished alternative splicing events and cal-
culate their expression specificities. In fact, some
researchers have conducted such analyses and construct-
ed an alternative splicing database. Furthermore, Lee
et al. [18-22] also calculated the cancer specificity of
each alternative splicing, although the obtained values
are speculative and do not have an experimental basis.

We selected targets from the list of cancer-specific
alternative splicing events calculated by Lee et al. [22],
as well as alternative splicing reported to be cancer spe-
cific by other researchers [12-17] and some reported

exclusive alternative splicing [15,23,24], and tried to con-
firm their expression specificities in tissue samples. De-
spite these targets being reported as cancer specific,
our RT-PCR analysis revealed that only some of them
were tumor tissue specific (21/31). This may be caused
by the inaccurate information in the databases used by
the other researchers, or different characters of the tu-
mor tissue samples we used. The genes reported to show
tumor-specific alternative splicing changed their expres-
sion patterns in many tumor samples, but not in all
other tumor samples [12,16,17]. Among all the examined
targets, exclusive alternative splicing events showed a
high probability of tumor specificity (4/4), suggesting
that the regulation of exclusive type alternative splicing
is susceptible to tumorigenesis.

In the present study, endogenous 7PMI exon 6,
ACTNI exon 19b, and ITGB4 exon 34b tended to be
excluded in tumor tissues and cell lines, and the tenden-
cies of all three examples were strongest in the uterus
and weakest in the colon. There are two possibilities
for the cis-elements regulating the tumor-specific sup-
pression of exon inclusion, namely, suppression in
tumor tissues and enhancement in normal tissues. The
exon-trapping analyses for TPM1 indicated there must
be cis-elements in the distal region that suppress the
inclusion of exon 6 in tumor tissues, which are not pres-
ent in et-TPM1 and et-TPM1L, since exon 6 was partial-
ly included in transcripts from these vectors, but not
from endogenous TPMI. However, since the inclusion
of exon 6 was only partial, cis-elements suppressing
the inclusion may also exist in these vectors. The results
for et-ACTNI, et-ITGB4, et-ITGB4S, and et-ITGB4AE
revealed no inclusion of exon 19b or exon 34b. These re-
sults suggest the existence of suppressive elements in
these constructs that are active in tumor tissues, but
do not eliminate the existence of enhancer elements in
the distal region that are active in normal tissues. The
presence of enhancer elements that are active in normal
tissues requires further examination using primary cells
or non-tumor cell lines, and the same is also true for
the exclusiveness of TPM1 and ACTNI splicing.

Despite their similar alterations of endogenous gene
splicing, the different results obtained for et-TPM1 and
et-ACTNI1 indicate different distributions of splicing
regulatory cis-elements on their pre-mRNAs, and the
whole regulatory machinery that defines the different
splicing patterns between normal and tumor tissues
may also be unique for each gene. Hence, we can expect
that there are multiple regulatory machineries that could
be affected by tumorigenesis. The results for NGLYI,
p120ctn, and FGFR2 also support this hypothesis. For
instance, in kidney tumors, TPMI, ACTNI, ITGB4,
p120ctn, and FGFR2 change their alternative splicing
patterns, whereas NGLYI does not, despite its appar-
ent alterations in lung and uterus tumors. These
findings suggest that some factors are affected by the
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tumorigenesis of one tissue, whereas other factors are
affected by tumorigenesis in other tissues. The heteroge-
neous effects of tumorigenesis for the alternative splicing
of many genes, as shown in 2 and Table 1, may indicate
the complexity of tumor-specific splicing regulation.

In general, analysis of a number of tumor and normal
samples and statistical data are needed to confirm tumor
specificity [4]. The examples identified in the present
study require such analyses for further confirmation,
as well as identification of the active regulatory elements
in normal tissues. However, the results of the current
study provide key insights for elucidating the mecha-
nisms underlying the cancer-specific protein expression.
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