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Alternative splicing is a crucial step in the generation of
protein diversity and its misregulation is observed in
many human cancer types. By analyzing 143 colorectal
samples using exon arrays, SLC39A14, a divalent cation
transporter, was identified as being aberrantly spliced in
tumor samples. SLC39A14 contains two mutually exclu-
sive exons 4A and 4B and the exon 4A/4B ratio was
significantly altered in adenomas (p � 3.6 � 10�10) and
cancers (p � 9.4 � 10�11), independent of microsatellite
stability status. The findings were validated in indepen-
dent exon array data sets and by quantitative real-time
reverse-transcription PCR (qRT-PCR). Aberrant Wnt sig-
naling is a hallmark of colorectal tumorigenesis and is
characterized by nuclear �-catenin. Experimental inac-
tivation of Wnt signaling in DLD1 and Ls174T cells by
knockdown of �-catenin or overexpression of dominant
negative TCFs (TCF1 and TCF4) altered the 4A/4B ratio,
indicating that SLC39A14 splicing is regulated by the
Wnt pathway. An altered 4A/4B ratio was also observed
in gastric and lung cancer where Wnt signaling is also
known to be aberrantly activated. The splicing factor
SRSF1 and its regulator, the kinase SRPK1, were found
to be deregulated upon Wnt inactivation in colorectal
carcinoma cells. SRPK1 was also found up-regulated in
both adenoma samples (p � 1.5 � 10�5) and cancer
samples (p � 5 � 10�4). In silico splicing factor binding
analysis predicted SRSF1 to bind predominantly to the
cancer associated exon 4B, hence, it was hypothesized
that SRPK1 activates SRSF1 through phosphorylation,
followed by SRSF1 binding to exon 4B and regulation of
SLC39A14 splicing. Indeed, siRNA-mediated knock-
down of SRPK1 and SRSF1 in DLD1 and SW480 colorec-
tal cancer cells led to a change in the 4A/4B isoform
ratio, supporting a role of these factors in the regulation
of SLC39A14 splicing. In conclusion, alternative splicing
of SLC39A14 was identified in colorectal tumors and

found to be regulated by the Wnt pathway, most likely
through regulation of SRPK1 and SRSF1. Molecular &
Cellular Proteomics 10: 10.1074/mcp.M110.002998, 1–8,
2011.

Most colorectal cancers (CRC)1 are believed to arise from
adenomas, and a hallmark of colorectal tumor initiation is the
constitutive activation of the Wnt pathway, which is observed
in �85% of colorectal tumors (1). An active Wnt pathway is
characterized by nuclear �-catenin and increased expression
of key cell-cycle regulators such as v-myc myelocytomatosis
viral oncogene homolog (MYC). Other key mediators of the
Wnt pathway are TCF4 (also called transcription factor 7-like
2 (TCF7L2)) and TCF1 (also called transcription factor 7
(TCF7)) both of which form a complex with �-catenin and
regulate the expression of many downstream Wnt-responsive
genes (2). The Wnt pathway also plays a significant role in
other cancer types, such as lung, gastric, thyroid, and pros-
tate cancer (3–5), and it has been shown to be involved in the
regulation of RNA splicing as well (6).

Alternative splicing (AS) enhances proteome diversity, and
more than 90% of human multi-exon genes undergo AS (7, 8).
Splicing is a tightly regulated process, and several families of
splicing factors have been described, including the SR pro-
teins, a conserved family of RNA-binding proteins (9). AS
plays a critical role during development, and defects in AS
have been implicated in numerous human diseases, including
cancer (10–12). Several SR proteins are activated by phosphor-
ylation of their serines by SRSF protein kinase 1 (SRPK1),
which is up-regulated in colon, breast, and pancreatic cancer
(13). The best described SRPK1 target is serine/arginine-rich
splicing factor 1 (SRSF1, formerly known as SF2/ASF) (14,
15), an essential splicing factor that participates in both con-
stitutive and AS, and which was recently shown to be a
proto-oncogene (12) supporting the involvement of AS in
cancer development.
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The aim of the study was to discover AS in colorectal
adenoma and cancer samples, and we identified tumor-spe-
cific splicing of solute carrier family 39 (zinc transporter),
member 14 (SLC39A14), a metal ion transporter with the
capacity to transport divalent cations, such as zinc, iron, and
cadmium. SLC39A14 is a glycosylated protein located on the
plasma membrane, which exists in at least two isoforms that
differ from each other in the cation-binding domain. The dif-
ference is caused by AS, which involves two mutually exclu-
sive exons 4A and 4B of similar size. The two protein isoforms
have different capacities to bind cadmium (Cd2�) (16–18). We
found that the 4A/4B ratio in tumor samples is shifted toward
exon 4B, which has an eightfold higher Cd2� affinity. Further-
more, we showed that splicing of SLC39A14 is Wnt-regulated
and that the mechanism behind this regulation may involve
Wnt-specific up-regulation of SRPK1. Finally, we show that
knockdown of SRSF1 also affects the splicing of SLC39A14.

EXPERIMENTAL PROCEDURES

Clinical Samples—Patient samples were obtained immediately fol-
lowing surgery or colonoscopy and embedded in Tissue-Tek O.C.T.
Compound (Sakura Finetek, Torrance, CA), snap-frozen in liquid ni-
trogen, and stored at �80 °C. In total, 143 colorectal tissues were
included, 33 adjacent normal mucosa samples, 56 adenomas (all
microsatellite stable (MSS)), and 54 carcinomas (43 MSS and 11 with
microsatellite instability (MSI)). The samples were divided in two in-
dependent sets, one for discovery of AS events and one for validation.
The discovery set consisted of 24 normal mucosa samples, 49 MSS
adenomas (16 tubular, 12 tubulo-villous, and 21 villous), 30 MSS
carcinomas (1 Stage I, 16 stage II, and 13 stage III), and 5 MSI
carcinomas (4 stage II and 1 stage III). The independent validation set
was previously described (19), and consists of 9 normal mucosa
samples, 7 MSS adenomas (all tubular), 13 MSS carcinomas (8 stage
II and 5 stage III), and 6 MSI carcinomas (1 Stage I, 4 stage II and 1
stage III). Informed written consent was obtained from all patients,
and the study was approved by the Central Denmark Region Com-
mittees on Biomedical Research Ethics.

RNA Extraction—Sample tissue composition was evaluated by
hematoxylin and eosin staining, and macroscopic trimming was used
when necessary to enrich the fraction of tumor cells. A minimum of
60% neoplastic cells was required before total RNA was purified from
serial cryo-sections. Total RNA was purified using RNAeasy Mini elute
kit (Qiagen, Venlo, Netherlands). The RNA quality was analyzed on the
2100 Bioanalyzer (Agilent, Santa Clara, CA), and samples with a
28S/18S ratio �1.0 and RNA integrity number (RIN) �6 were ex-
cluded.

Human Exon 1.0 ST Array Analysis—For the exon array discovery
set, 100 ng of total RNA was labeled according to the GeneChip
Whole Transcript (WT) Sense Target Labeling Assay (Affymetrix, Inc.,
Santa Clara, CA) and hybridized to Human Exon 1.0 ST Arrays (Af-
fymetrix) overnight. For the exon array validation set, 1 �g of total
RNA was depleted of ribosomal RNA using the RiboMinus kit (Invitro-
gen) and labeled as described above. Scanning was performed in an
Affymetrix GCS 3000 7G scanner. To avoid batch effects, all samples
were labeled and scanned in a randomized order within the two
datasets.

Data Analysis—Exon array data were quantile normalized using
ExonRMA16 with core probe sets (228,940 probe sets) in GeneSpring
GX 10 software package (Agilent). The data were filtered to remove
genes not expressed in at least half of the samples within both the
normal and tumor group. A total of 9606 genes were found to be

expressed in both sample groups, and these genes formed the basis
for further analysis. Candidate genes for AS were found by applying a
splicing ANOVA approach. A stringent p value cut-off (�10�40) was
applied to retain the 100 candidates with the lowest splicing ANOVA
p values. Further filtration removing genes with no exons that had a
log 2 delta Splice Index (exon expression value/transcript expression
value) above 1 or below �1, yielded 40 candidate genes. Splice index
analysis is, however, susceptible to large differences in gene expres-
sion values, and, therefore, genes that were differentially expressed
(Benjamini-Hochberg corrected p value �0.05) were removed from
the analysis. This left only 11 candidate genes for further analysis;
these were manually inspected in a genomic context, and SLC39A14
was selected as the most promising candidate for further study. The
Student’s t test was used for all other statistical comparisons.

Quantitative Real-Time Reverse-Transcription PCR—Reverse tran-
scription of 1 �g total RNA was done using Superscript II Reverse
Transcriptase (Invitrogen) and a combination of oligo(dT) and random
nonamer primers. Quantitative real-time reverse-transcription PCR
(qRT-PCR) was performed in triplicates on a 7500 Fast or 7900HT
Real-Time PCR System (Applied Biosystems, Foster City, CA). The
following predesigned TaqMan assays were used: SLC39A14 exon
4A (Hs00939122_m1), SLC39A14 exon 4B (Hs00939901_m1), SRPK1
(Hs00177298_m1), and SRSF1 (Hs00199471_m1). �-catenin and
total SLC39A14 mRNA levels were measured using SYBR green
with the following primers: SLC39A14-F (ggacgagaaggtcattgtgg),
SLC39A14-R (gtgatcatccaggccagagt), �-cat-F (gcgtggacaatggc-
tactca), and �-cat-R (ccgcttttctgtctggttcc). Ubiquitin C was used
for normalization as previously described (20).

Public Human Exon 1.0 ST Data Sets—A colon cancer Exon 1.0 ST
data set (21) was downloaded from www.affymetrix.com. This set
consisted of 18 paired samples of adenocarcinoma and adjacent
normal tissue. Two additional human Exon 1.0 ST data sets covering
gastric and lung cancer were downloaded from the Gene Expression
Omnibus: GSE13195 and GSE12236, respectively. The gastric cancer
data set consisted of 48 paired samples of adenocarcinoma and
adjacent normal tissue. The lung cancer data set consisted of 40
paired samples from 20 patients with lung adenocarcinomas (22). The
Exon 1.0 ST bladder cancer data set consisted of 11 normal, 12 Ta,
12 T1, and 12 T2–4 samples and was previously described (19). All
data sets were analyzed as described above.

Immunohistochemistry—Standard indirect staining procedures
were used for IHC as previously described (23), using anti-SLC39A14
(Sigma) in a 1:1800 dilution.

Splicing Factor Binding Site Predictions—To predict splicing factor
binding sites, we used the SFmap software with default settings
(24). Briefly, SFmap implements the COS(WR) algorithm (25), which
computes similarity scores for a given regulatory motif on the
basis of information derived from its sequence environment and its
evolutionary conservation. SFmap is available online at http://
sfmap.technion.ac.il.

Wnt-Pathway Model System—The LS174T and DLD1 derived cell
lines stably expressing inducible dominant-negative (dn)TCF1 or
dnTCF4 were a kind gift from Dr. Hans Clevers (The Hubrecht Labo-
ratory, The Netherlands), and were previously described (2). For
knockdown of �-catenin, DLD1 cells were transfected with 20 nM

siRNA targeting �-catenin (Dharmacon, Lafayette, CO) or 20 nM

scrambled nontargeting siRNA. Transfections were carried out using
Lipofectamine 2000 (Invitrogen). RNA extraction was performed using
RNeasy (Qiagen). cDNA synthesis was done with random nonamer
primers, and qRT-PCR was performed as described above.

SRPK1 and SRSF1 Knockdown in DLD1 and SW480 Cells—DLD1
cells were cultured in RPMI 1640 medium (GIBCO, Invitrogen) sup-
plemented with 5% fetal calf serum and 1% penicillin-streptomycin at
37 °C and 5% CO2. SW480 (ATCC) was cultured in DMEM medium
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(GIBCO, Invitrogen) supplemented with 10% fetal calf serum (Invitro-
gen) and 1% penicillin-streptomycin (Invitrogen) at 37 °C and 5%
CO2. Cells were transfected with siRNA targeting SRSF1, SRPK1, or
both transcripts, (using SRSF1siRNA Dharmacon # L018672–01), and
silencer select siRNA SRPK1(s13451, Ambion). As a control, we used
scrambled nontargeting siRNA (Dharmacon # D-001206–14-20). All
transfections were carried out using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Final concentrations of
50 and 100 nM siRNA were used.

RESULTS

Global exon expression was measured in a total of 143
colorectal tissue samples covering 33 normal mucosa sam-
ples, 56 adenomas, and 54 cancer samples by using the
Affymetrix Exon 1.0 ST Array. The majority of the samples (24
normal mucosa and 84 tumor samples) were used to identify
genes with tumor specific AS, whereas the remaining samples
(9 normal mucosa and 26 tumor samples) were used as an
independent validation set. Candidate genes for tumor spe-
cific AS were found by applying a splicing ANOVA approach
along with a set of stringent filtration criteria (see Experimental
Procedures). SLC39A14 was identified as the most prominent
candidate on the basis of both the low splicing ANOVA p
value (�10�40) and the Splice Index value (exon expression
value/transcript expression value).

SLC39A14 Shows Alternative Splicing in Colorectal Neo-
plasias—Several transcript variants of SLC39A14 are known,
and the gene contains two mutually exclusive exons 4A and
4B (Fig. 1A). We found a striking difference in the expression
of exons 4A and 4B between normal and tumor samples (Fig.
1B). Our data show that exon 4A is expressed at a �twofold
higher level in normal mucosa samples compared with tumor
samples, whereas exon 4B levels were slightly elevated in
tumor samples relative to normal mucosa samples. The shift
in ratio between exons 4A and 4B was consistent in both
adenomas (p � 3.6 � 10�10) and carcinomas (p � 9.4 �

10�11) (independent of MSI-status) in virtually all samples (Fig.
1C). The gene expression level of SLC39A14 was at the same
level in the normal mucosa and tumor samples. We made a
technical validation of our exon array findings by qRT-PCR on
53 randomly selected samples used for exon array analysis.
Again, we saw a dramatic shift in the inclusion rate of exons
4A and 4B between normal mucosa and tumor samples (Fig.
1D). The 4A/4B ratio changed significantly between normal
mucosa samples and adenomas (p � 1.4 � 10�8) and be-
tween normal mucosa and cancer samples (p � 1.5 � 10�8)
with a lower ratio in all adenoma and cancer samples com-
pared with normal mucosa samples. The total mRNA level of
SLC39A14 (both isoforms) did not change significantly (Fig.
1E). Finally, we validated our findings in two independent
colorectal exon array sample sets (Supplemental Fig. 1). Total
SLC39A14 protein level was evaluated by immunohistochem-
istry, and SLC39A14 was found to be expressed at equivalent
levels in normal epithelial cells and carcinoma cells with a
cellular localization corresponding to the plasma membrane

as expected (Fig. 1F). Antibodies specific for either SLC39A14
isoform 1 or 2 were not available.

The Wnt Pathway Regulates SLC39A14 Splicing—To inves-
tigate whether SLC39A14 AS is regulated by the Wnt path-
way, we used two Wnt-model systems that utilize overexpres-
sion of a dominant negative form of TCF4 (dnTCF4) or TCF1
(dnTCF1) to interrupt the TCF4 or TCF1 mediated part of the
Wnt pathway, respectively. Both dominant negative TCFs
were overexpressed in the two colorectal cancer cell lines
DLD1 and Ls174T (26–28). qRT-PCR analysis showed that
the 4A/4B ratio was increased when TCF mediated Wnt sig-
naling was turned off (Fig. 2A). The shift was most obvious in
the two dnTCF4 models, but a small increase was also seen
when dnTCF1 was overexpressed. This indicates that over-
expression of dnTCFs lead to altered SLC39A14 splicing,
and, hence, that the splicing of this gene could be regulated
by Wnt signaling. To confirm that the altered splice pattern
was truly caused by altered Wnt signaling, and not a mere
side-effect of the dominant negative TCFs, a second model
system was developed in which Wnt signaling was abrogated
upstream of the TCFs by knocking down the key regulator,
�-catenin, in DLD1 cells using siRNA. The knockdown of
�-catenin was successful (Fig. 2B), and the effect on the
splicing pattern of SLC39A14 was an even more dramatic
change (�sixfold) in the ratio of exon 4A/4B (Fig. 2C) confirm-
ing the regulatory role of the Wnt pathway on SLC39A14
splicing. The Wnt pathway has also been implicated in the
development of several other cancer types such as gastric (4)
and lung cancer (5). Consistent with the findings in CRC, our
analysis of publicly available exon array data from these can-
cer types also indicated that the splicing of SLC39A14 in
tumors, in contrast to the normal counterpart, was pushed
toward the exon 4B containing isoform (Supplemental Fig. 2).
This was not the case in bladder tumors, where Wnt signaling
has not been found to play any role in tumor development
(Supplemental Fig. 2D).

SRPK1 and SRSF1 Expression is Regulated by the Wnt
Pathway—We used the Gene Ontology biological process
term “RNA splicing” (GO:0008380) to identify 302 human
genes involved in splicing regulation. Analysis of the expres-
sion of these splicing regulatory genes in our exon array
dataset, revealed that four genes (SRPK1, SF3B3, PRPF4,
and PPARGC1A) were significantly differentially expressed
(p � 0.05 Benjamini-Hochberg corrected) between normal
and tumor samples with a fold change of at least 1.5. The
expression of the four genes was examined in an already
published expression dataset of the DLD1 and Ls174T dnTCF
Wnt-models described above (27). Only SRPK1 showed a
twofold change in both cell lines indicating a regulatory role of
the Wnt pathway on SRPK1 expression. Furthermore, a pub-
licly available ChIP on chip dataset identifying TCF4 binding
sites in the Ls174T CRC cell line (29) found a TCF4 binding
site just upstream of the SRPK1 start exon (Supplemen-
tal Fig. 3A). The ChIP on chip study also revealed TCF4
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binding just upstream of SRSF1 (Supplemental Fig. 3B). We
measured the expression of both SRPK1 (Fig. 3A) and SRSF1
(Fig. 3B) by qRT-PCR in all Wnt models, and both SRPK1 and
SRSF1 expression were consistently found to be lower when
the Wnt pathway was inactivated. We then measured the
expression of SRPK1 and SRSF1 in tissue samples and con-
firmed that SRPK1 is up-regulated in both adenoma samples
(p � 1.5 � 10�5) and cancer samples (p � 5 � 10�4) (Fig. 4A),
whereas SRSF1 expression was not altered significantly be-
tween normal mucosa and adenoma samples or normal mu-

cosa and cancer samples (Fig. 4B). Similarly, a highly signif-
icant up-regulation of SRPK1 was seen in cancer samples
from both gastric (Supplemental Fig. 4A) and lung cancer
(Supplemental Fig. 4B). In contrast to CRC, SRSF1 expres-
sion was found to be slightly up-regulated (less than 2-fold) in
both gastric (Supplemental Fig. 4C) and lung cancer (Sup-
plemental Fig. 4D). No significant deregulation of either SRPK1
or SRSF1 was seen in bladder cancer (data not shown).

Prediction of SRSF1 Binding to Exons 4A and 4B—In silico
predictions of splicing factor binding to exons 4A and 4B of

FIG. 1. SLC39A14 alternative splic-
ing is dysregulated in colorectal neo-
plasia. A, Exon structure of SLC39A14
isoforms 1 and 2. The isoforms differ in
exon 4 usage. Exons 4A and 4B are mu-
tually exclusive. B, Expression levels of
the individual exons of SLC39A14 mea-
sured in normal mucosa (n � 24) and
tumor (n � 84) samples using exon
arrays. Error bars represent S.E. C,
SLC39A14 exon 4A/4B ratio in normal
mucosa samples, adenomas, and carci-
nomas, same data as in B. D, Technical
validation of SLC39A14 exon 4A/4B ratio
by qRT-PCR. E, The total transcript level
of SLC39A14 measured by qRT-PCR on
the same samples as in D. F, Total pro-
tein level of SLC39A14 detected by im-
munohistochemistry in normal epithelial
cells and carcinoma cells, respectively.
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SLC39A14 reported hits for a few splicing factors, where the
most prominent predictions were for the exonic splicing
enhancer SRSF1, which was predicted to bind predomi-
nantly to exon 4B, however, several binding motifs were
found in the flanking introns as well (Fig. 5A). Because
exons 4A and 4B are highly homologous, we aligned them
and compared their SRSF1 candidate binding sites to find
hits that were present in one, but not the other exon (Fig.
5B). This comparison revealed that despite the high se-
quence similarity between both exons (68%), several SRSF1
binding sites were present in exon 4B, but not in exon 4A.
This is consistent with the higher inclusion rate of exon 4B
that is seen when SRSF1 is expressed at a higher level
(active Wnt pathway). However, in the colon tissue samples
there was no significant difference in the expression of
SRSF1 between normal and cancer samples. SRPK1 was,
however, up-regulated in both adenoma and cancer sam-
ples, and because SRPK1 is capable of activating SRSF1
through phosphorylation, SRSF1 may be the splicing factor
responsible for the changed SLC39A14 splicing pattern in
both tissue samples and cell lines.

Knockdown of SRPK1 and SRSF1 in CRC Cell Lines
Changes the 4A/4B Ratio—To further investigate the role of
SRPK1 and SRSF1 in the AS of SLC39A14, we used siRNA to
knock down SRPK1 and SRSF1 in the DLD1 and SW480
colon cancer cell lines. Knockdown of either SRPK1 or SRSF1

FIG. 2. SLC39A14 exon 4A/4B ratio is regulated by Wnt signaling
in colorectal carcinoma cells. A, dnTCF1 or dnTCF4 expression
was induced in stably transfected DLD1 or Ls174T cells. The 4A/4B
ratio in dnTCF1 and dnTCF4 Wnt-model systems was measured by
qRT-PCR. B, qRT-PCR of �-catenin mRNA from DLD1 cells trans-
fected with 20 nM control or �-catenin siRNA. C, 4A/4B ratio in the
siRNA transfected cells described in B. Error bars represent standard
deviation of three (A) or two (B and C) replicas. * � p � 0.05.

FIG. 3. Expression of the splicing regulators SRPK1 and SRSF1
is regulated by Wnt signaling. SRPK1 and SRSF1 expression was
quantified by qRT-PCR in the Wnt-model systems described in Fig. 2.
A, Expression of SRPK1 in the dnTCF1, dnTCF4 (left panel) and
�-catenin knockdown models (right panel). B, Expression of SRSF1 in
the same models as in A. * � p � 0.05.

FIG. 4. SRPK1 and SRSF1 expression in normal mucosa and
tumor samples. SRPK1 and SRSF1 expression was quantified by
qRT-PCR in colorectal tissue samples. A, Expression of SRPK1 and
B, Expression of SRSF1.
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was successful in both cell lines (Fig. 6A and Sup-
plemental Fig. 5A), and the expected increase in the exon
4A/4B ratio was also observed in both cell lines (Fig. 6B and
Supplemental Fig. 5B) showing that individual knockdown of
both SRPK1 and SRSF1 is able to change the ratio of exon
4A/4B. These results clearly support the role of both SRPK1
and SRSF1 in the regulation of SLC39A14 AS. To explore a
potential cumulative effect of SRPK1 and SRSF1 on AS, we
made double siRNA knockdown experiments of SRPK1 and
SRSF1 in DLD1 and SW480 cells (Fig. 6C and Sup-
plemental Fig. 5C). No cumulative effect was observed on the
4A/4B ratio (Fig. 6D, Supplemental Fig. 5D) indicating that
double knockdown of SRPK1 and SRSF1 has no synergistic
effect on SLC39A14 splicing.

DISCUSSION

In the present study, we identified tumor specific AS of
SLC39A14. The ratio (4A/4B) between the two mutually ex-
clusive exons 4A and 4B was shown to be significantly higher
in normal mucosa samples than in adenoma and cancer sam-
ples, regardless of adenoma type, microsatellite status, and
cancer stage. In three different Wnt-pathway model systems
and in two independent colorectal cancer cell lines, we have
shown that the 4A/4B ratio is altered when Wnt signaling is
abrogated. In addition, the same tumor specific AS pattern
can be seen in gastric and lung cancer, where the Wnt path-
way has been reported to be activated (4, 5). We have shown
that a likely mechanism for regulating the AS of SLC39A14 is
Wnt-signaling mediated up-regulation of SRPK1 in tumor

samples and that knockdown of SRPK1 leads to an altered
4A/4B ratio. When the SRPK1 substrate SFSR1 is knocked
down, the splicing pattern of SLC39A14 is also altered indi-
cating that SRSF1 binds to SLC39A14 and regulate the AS of
4A/4B.

Previously, SLC39A14 has been found to be widely ex-
pressed across both human and mouse tissues, but no infor-
mation about isoforms was provided (16, 17). The two iso-
forms of SLC39A14 that contain either exon 4A or 4B are both
capable of binding zinc, iron, and cadmium, but interestingly,
the isoform containing exon 4B has an eightfold higher affinity
for Cd2� than the isoform containing exon 4A (17). Hence, the
data indicate that colorectal tumors, because of activated
Wnt-signaling, have an increased Cd2� uptake. In that re-
spect, it is interesting to note that Cd2� is a potent carcino-
gen, widely found in our environment, and whose uptake in
the body can cause damage to multiple tissue types. Cd2�

has been found to influence apoptosis, differentiation, and cell
growth, along with several other cellular processes (30). Al-
though the direct mutagenic effect of Cd2� is weak (31), there
is strong evidence for several indirect mechanisms such as
Cd2� mediated disruption of DNA mismatch repair (30, 32, 33)
and inhibition of base excision repair and nucleotide excision
repair (34). Especially the inhibition of DNA mismatch repair
has been linked to the development of CRC, and mismatch
repair gene defects are found in the vast majority of hereditary
nonpolyposis colorectal cancer (HNPCC) cases, and also in
�20% of sporadic CRC (35). Finally, Cd2� also seems to
induce conformational changes of p53, thereby, impairing the

FIG. 5. Prediction of SRSF1 binding sites in exon 4A and 4B and
surrounding intronic sequences. A, Combined binding site scores
for SRSF1 binding motifs crsmsgw and ugrwgvh. The scores sum-
marize the clustering potential and evolutionary conservation of the
candidate binding sites. B, Exon 4A and 4B specific hits. �scores
represent the difference between 4A and 4B scores in every se-
quence position of a pairwise alignment between both exons. Highly
positive �score values indicates 4A specific motifs. Conversely,
highly negative �score account for 4B specific motifs.

FIG. 6. Knockdown of SRPK1 and SRSF1 in DLD1 cells and the
effect on 4A/4B ratio. A, SRPK1 and SRSF1 qRT-PCR expression in
DLD1 cells treated with either control, SRPK1, or SRSF1 siRNA (50 nM

or 100 nM). B, 4A/4B ratio following knockdown of SRPK1 or SRSF1
as in A. C, SRPK1 and SRSF1 qRT-PCR expression following their
simultaneous knockdown in DLD1 cells treated with 100 nM siRNA in
total. D, 4A/4B ratio following simultaneous knockdown of SRPK1
and SRSF1 as in C.
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p53 response to DNA damage (36). Altogether, this underlines
the ability of Cd2� to act indirectly as a strong carcinogen.
Recently, Cd2� has been found to induce Wnt signaling in
kidney cells by disrupting the E-cadherin/�-catenin complex
(31), and in mice chronic Cd2� exposure has been found to
up-regulate both Wnt ligands, Wnt receptors and Wnt acti-
vated genes in the kidney (37). These data, in addition to our
findings, indicate a possible feedback mechanism for Wnt-
pathway activity and cellular Cd2� uptake.

The Wnt pathway plays a pivotal role in the development of
CRC and nearly all colorectal tumors have an active Wnt
pathway (1). The fact that a lower 4A/4B ratio was found in
virtually all tumor samples investigated (including adenomas)
is in concordance with a Wnt-regulated splicing event, and,
furthermore, indicates that this is an early event in tumorigen-
esis. We interrupted the Wnt pathway either at the TCF1 or
TCF4 as well as the �-catenin level of the pathway and
confirmed the involvement of the Wnt pathway in the regula-
tion of SLC39A14 AS. The existence of experimentally vali-
dated TCF4 binding sites both in the promoter regions of
SRPK1 and SRSF1 makes these two genes obvious Wnt-
targets, and both of them were found to be down-regulated
when Wnt signaling was abrogated. In the two other Wnt-
associated cancer types we investigated (gastric and lung)
both SRPK1 and SRSF1 were significantly up-regulated in the
cancer samples, although the fold change was greater for
SRPK1. The observations of AS of SLC39A14 in gastric and
lung cancer further support the role of the Wnt pathway in the
splicing of SLC39A14. The Wnt pathway is not known to be
involved in bladder cancer, and for this cancer type, we did
not observe any AS of SLC39A14 or deregulation of SRPK1 or
SRSF1, further indicating that AS of SLC39A14 is Wnt regu-
lated and not a general effect of cancer development. The
Wnt pathway has been reported to be involved in AS events in
CRC cell lines, for example through deregulation of Srp20 (6,
38) and a few other splicing factors (39, 40). However, Wnt-
regulated splicing caused by up-regulation of SRPK1 has to
our knowledge not been reported before.

Splicing is a tightly regulated process that involves many
factors, and SRSF1 is only one of many SR proteins that
participate in splicing. SRPK1 is known to activate SR pro-
teins by phosphorylation enabling them to migrate to the
nucleus and participate in the splicing process (14). SRPK1
has been reported to be up-regulated in several human can-
cers including colon and breast where a knockdown of
SRPK1 was shown to increase the number of cells undergo-
ing apoptosis (13). Splicing factor binding prediction analysis
showed that SRSF1 binding motifs were found primarily in
exon 4B of SLC39A14, which could explain the increased
presence of 4B when either SRPK1 or SRSF1 is up-regulated.
We performed knockdown of both SRPK1 and SRSF1 in two
colorectal cancer cell lines and found an increased 4A/4B
ratio in concordance with the proposed binding of SRSF1 to
exon 4B.

Cancer specific alternatively spliced isoforms have the po-
tential to serve as cancer biomarkers and treatment targets.
Several studies have identified isoforms that are potential
biomarkers (41), either as general cancer markers or as po-
tential diagnostic or prognostic markers (42). The striking
difference in the 4A/4B ratio observed between normal mu-
cosa and colorectal tumors in this study indicates that the
ratio may be used as a tumor marker for identification of not
only cancer, but precancerous lesions as well. Furthermore,
our analyses suggest that this also applies to other tumor
types that rely on Wnt activation.

In summary, we have shown AS of SLC39A14 in colorectal
tumors, and our data strongly indicate that this AS is regu-
lated by the Wnt pathway. We found that both SRPK1 and
SRSF1 were regulated by the Wnt pathway and that knock-
down of either SRPK1 or SRSF1 in colorectal cell lines led to
a change in the 4A/4B isoform ratio supporting a role of these
factors in the regulation of SLC39A14 splicing.
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