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Abstract
Objectives and Methods—Alternative splicing provides proteomic diversity that can have
profound effects. The extent, pattern, and roles of alternative splicing in pancreatic cancer have
not been systematically investigated. We have utilized a spliceoform-specific microarray and
polymerase chain reaction to evaluate all known splice variants in human pancreatic cancer cell
lines representing a spectrum of differentiation, from near-normal HPDE6 to Capan-1 and poorly
differentiated MiaPaCa2 cells. Validation of altered spliceoforms was verified in primary cancer
specimens and normal pancreatic ductal cells. Additionally, expression of 92 spliceosomal genes
were examined to better understand the mechanism for observed differences in mRNA splicing.

Results—A statistically significant reduction in alternative splicing was found in the pancreatic
cancer cell lines compared to HPDE6 cells. Many splice variants identified in Capan-1 and
MiaPaCa2 cells were observed in Grade 3 and Grade 4 tumors. Analysis of genes encoding
spliceosomal proteins revealed that 28 of 92 genes had significantly decreased expression in
cancer compared to normal pancreas.

Conclusion—Pancreatic cancer has reduced alternative splicing diversity compared to normal
pancreas. This is demonstrated in both cell lines and primary tumors, with the loss in splicing
diversity correlated with relative reduction in expression of spliceosomal genes.
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Introduction
Although there have been major advances in recent years in our knowledge of molecular
events occurring in pancreatic cancer, the prognosis for patients diagnosed with this
devastating disease has not been substantially improved. This relates to the typical late stage
of presentation and diagnosis of pancreatic cancer, after local invasion and/or distant
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metastasis have occurred. Splicing of pre-mRNA to generate multiple transcripts from a
common precursor may provide a new, potentially rewarding area of investigation, one with
implications for improved diagnostics, prognostics, and even the development of new
therapeutic agents. Approximately 95% of the multi-exon genes in the human genome
exhibit alternative splicing and in most cases the resulting transcripts are expressed in
different cell and tissues types1,2, thus the presence of splice variants may serve as realistic
candidates for disease biomarkers that could be monitored by simple clinical assays.

Alternative splicing represents an important mechanism for the expression of structurally-
and functionally-distinct proteins3. The effects of alternative splicing may result in a
spectrum of results from complete loss of function, to subtle or difficult-to-detect effects, or
possibly to altering the location, stability or translation of a transcript4, 5. Many alternative
splicing events modify the coding sequence, while others can result in premature termination
or nonsense-mediated decay6. It is now understood that alternative splicing is a highly
coordinated process that can be abnormally regulated in human diseases7. The expression of
alternative or even tumor-specific splice variants has been shown to significantly affect
cancer biology such as cell proliferation, cell motility, apoptosis, cell cycle control, and even
drug responsiveness8. Each of the “hallmarks of cancer”9 can be affected or sustained by at
least a few recognized cancer-associated, functional splice variants.

Several therapeutic drug candidates currently undergoing preclinical evaluation for
pancreatic cancer are known to target genes that have multiple isoforms. Among these are
mitogen-activated protein kinase kinase (MEK1/2)10, aurora kinases11, TGFβ, VEGF12 and
EGFR13. Without taking into consideration the presence of these variant spliceoforms and
the regions of the genes targeted by the drugs, the biological effects could easily vary from
those predicted, and even become deleterious14,15. Understanding the presence of specific
splice variants may, therefore, provide an important complement to the effective clinical
management of patients with cancer.

In this report, we have characterized patterns of expression of alternative spliceoforms and
components of the splicing machinery in pancreatic cancer cells in culture, and then
validated the presence of these unique splice variants in primary tumors.

Experimental Procedures
Pancreatic cancer cell lines and tissue

The human pancreatic cancer cell lines, Capan-1 and MiaPaCa2, were obtained from the
American Type Culture Collection (ATCC) and were grown according to recommendations.
The morphology and growth characteristics of these cell lines were stable and consistent.
The non-transformed human pancreatic ductal cell line, HPDE6, was generously provided
by Dr. M.S. Tsao (Ontario Cancer Institute, Canada) and was cultured as previously
described16, 17. All cell lines were tested and found to be negative for pathogen
contamination.

Specimens representing normal pancreas and pancreatic cancer were acquired after
appropriate patient consent and approval of the Mayo Clinic Institutional Review Board.
Specimens were coded and anonymized.

RNA Isolation
Cells were harvested with cell dissociation solution and 107 cells/ml were lysed in Trizol
(Invitrogen). RNA was purified from each Trizol extract using the Qiagen's RNEasy Kit
following manufacturer's protocol including the optional on-column DNA digestion step.
(Qiagen, Valencia, CA.). Integrity and concentration of RNA samples were established by
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the Agilent 2100 Bioanalyzer and the Nanodrop ND-1000 spectrophotometer measurements
(Nanodrop, Wilmington, DE).

Genome-wide splice arrays
A human genome-wide splicing microarray was designed from a reference transcriptome
database, SEHS1, created using Build 35 of the NCBI genome assembly and by aligning
multiple databases (RefSeq, mRNAs, ESTs and Alternative Splice Database (ASD))10 The
148,693 oligonucleotides on the microarray included probes for alternatively spliced exon-
exon and exon-intron junctions as well as probes for single-exon genes. With this diverse
junctional probe set, all splice variants annotated in Build 35 of the NCBI genome could be
effectively evaluated. This includes splice variants that have exon skips, exon trims or
extensions, alternative first and last exons, and intron retentions or intron splice events. The
probes had an average length of 38 nucleotides. Variability in melting temperatures was
optimized by varying probe lengths between 34 and 42 nucleotides and isothermally
balancing junctional probes across the splice sites. Sense strand oligonucleotides with a 10-
base polyT linker at the 32 end were synthesized by NimbleGen Systems using
photodeposition chemistry and digital light projection. We included multiple probes per
gene in order to target exon junctions unique to alternative splice products and to
differentiate these from what is believed to represent the normal gene product from splice
variants.

RNA labeling and Hybridization for Microarray Analysis
Aliquots of total RNA were used to produce cDNA using the Invitrogen Superscript™
Double Stranded cDNA Synthesis Kit (Invitrogen, Carlsbad, CA.). Briefly, direct one color
labeling was performed by combining 40 μl of Cy3 labeled random primers with 1 ug of
cDNA in 80 μl of water, heated to 98 °C for 5 min, and chilled in an ice water bath. An
aliquot of 10 ul of 50× dNTP mix was added to each tube followed by 8 μl of water and 2 μl
of high concentration Klenow fragment (40 U/μl). Reactions were incubated at 37 °C for 2
h, precipitated with isopropanol, and evaporated to dryness using a SpeedVap on low heat
for 5 min. Samples were resuspended in 20 μl water to determine dye incorporation and
concentration by spectrophotometry. For hybridization, 13 μg of Cy3-labeled sample was
added to 40 μl of 2× Nimblegen hybridization buffer, and heated at 95 °C for 5 min.
Samples were loaded onto the microarrays through the MAUI Mixer sample ports and
hybridized at 42 °C for 16–20 hr in a MAUI Hybridization System (Biomicro, Salt Lake
City, Utah). The arrays were washed three times, dried in an Array-Go Round, and scanned
with an Axon scanner (Molecular Devices, Sunnyvale, CA).

Microarray Data Analysis
Scanned tab-delimited data files were analyzed in SpliceFold™, a microarray analysis
package that implements several algorithms for measuring alternative splicing and that has
been adapted to address exon skips and inclusions, alternative first and last exons, introns
spliced and retained, and alternative acceptor and donor sites10. These arrays were single-
color; thus median normalization was done on every array in order to balance any bias in
dye incorporation or scanner efficiency. The methods include ASPIRE18, Splicing Index19

and Splice Ratio10. We obtained 24 measurements per splice event, including replicate
experiments and replicate spots to obtain statistical significance in the filtering criteria for
minimal signal, direction and magnitude of change. With a large number of measurements,
and with replicates, the microarray data exhibited high statistical significance. For each
sample, the data included two types of technical replicates: duplicate spots on the
microarrays as well as experimental replicates hybridized on different dates, leading to four-
fold redundancy in measurement. To count a change in transcription or splicing as sample-
specific, we required that the same change occur in all four technical replicates as compared
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to the other samples. As a control, we compared the pair of experimental replicates for each
sample to determine the variability in transcription and splicing that might have occurred by
chance. Lastly, all raw data files have been uploaded and made publically available in GEO,
accession number GPL4742.

PCR (Conventional and Quantitative)
High quality purified RNA was used to generate cDNA by the iScript cDNA synthesis kit
(Biorad, Hercules, CA.) which combines random hexamers and oligo-dT primers.
Approximately 25 ng of cDNA template was used for either standard RT-PCR or 10 ng for
quantitative PCR reactions. Standard RT-PCR conditions generally ranging from 28–30
cycles dependent upon the transcript examined. A custom Taqman low density array
(TLDA, Applied Biosystems) containing Taqman primers and probes for the commercially
available 92 genes that have been identified within the spliceosome (Jurica et. al. and Zhou
et al.) was designed and run following standard TLDA specifications. Normalization used
three different housekeeping genes in order to account for gene-to-gene differences within
the tissue samples: GAPDH, Beta Actin, and HNRPA2B1 ribosomal protein. Differences in
the Ct cycles for these housekeeping genes between normal tissue and grades 3 and 4
pancreatic cancer specimens were within the precision of the TaqMan reader. The relative
quantification of the gene expression changes were analyzed according to ΔΔCt method20

using the ABI's SDS RQ Manager 1.2 software with additional manual curations. These data
were then subject to a one-way Model 1 ANOVA with FWER false-discovery correction to
obtain a list of spliceoform differences that were significant.

Results
Genome-wide screen of alternative splicing in pancreatic cancer

Using alternative splicing microarrays, levels of expression of transcripts were measured for
human pancreatic cancer cell lines reflecting different stages of differentiation. The
pancreatic cancer cell lines consisted of the non-transformed and near-normal human
pancreatic ductular epithelial cell line, HPDE6, the well-differentiated pancreatic cancer cell
line, Capan-1, and the poorly differentiated pancreatic cancer cell line, MiaPaCa2.
Comparison of data from HPDE6 versus Capan-1 and MiaPaCa2 cells, provided a near-
normal/tumor comparison; while comparison of data from MiaPaCa2 versus Capan-1 cells
suggested changes that may be unique to high-grade tumors. Raw microarray data were
analyzed in SpliceFold™, a software package specifically designed for the analysis of
alternative splicing, and showed a clear trend in both gene expression and regulation of
RNA splicing. Of note, human pancreatic cell lines were used in all microarray experiments
due to the large amount and high quality of cDNA required to conduct multiple replicate
experiments.

Scatter plots comparing data from near-normal HPDE6 cells versus poorly differentiated
MiaPaCa2 cells, and moderately differentiated Capan1 cells vs. poorly differentiated
MiaPaCa2 cells showed `wing' effects along the x and y axes. These data points reflected
genes and splice events with apparent binary behavior, either being turned on or off in one
sample compared to the other (Figure 1a). The intensity of each probe on the microarray
reflects both gene expression and splicing regulation. In the analysis, levels of gene
expression were normalized in order to evaluate the splicing variation. Using this analysis,
regulated splicing accounted for up to 58.7% of the variance in probe expression
measurements in HPDE6 cells compared to Capan-1 cells, up to 59.1% of the variance
compared to MiaPaCa2 cells (Figure 1A), and up to 60.7% in tumor progression from
Capan-1 cells to MiaPaCa2 cells. The remaining differences resulted from changes in gene
transcription (Figure 1B). The data from the two pancreatic cancer cell lines correlated more
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closely with each other than with the near-normal cell line (bottom row Figure 1 compared
to the upper rows of Figure 1). (Figure 1C).

The greatest changes in gene expression patterns were seen in the HPDE6 cell line relative
to the Capan-1 and MiaPaCa2 cells, while the latter 2 cell lines had minor differences.
Focusing on individual cell lines and splicing events, HPDE6 cells had the most overall
variety in spliceoforms, with MiaPaCa2 cells displaying the second highest variety in
splicing events. Surprisingly, Capan-1 cells had the fewest unique splicing events compared
to the other two cell lines. Categorizing this into specific types of splicing events, the
HPDE6 cells, followed by the poorly differentiated MiaPaCa2 cells, had the most dramatic
change in overall regulation of splicing21, The HPDE6 cell line had the greatest number of
alternative last exons, 52 exon trims and retained introns compared to the two tumor cell
lines, Capan-1 and MiaPaCa2 cells. Comparatively fewer genes and splice events were
unique to Capan-1 cells, reflecting moderate differentiation. Using replicate data as a
control, the empirical probability of splicing events occurring by chance with the selected
cutoff criteria was zero for all but intron retentions, which had p ≤ 9.39E-5. Trends were
common across multiple cutoff values for change, 2-fold, 1.4-fold, and 1.2-fold, and the
weak criterion that all technical replicates agree in direction without regard to magnitude of
change. Even at the weakest filtering criterion tested, the empirical p-value was ≤ 0.00342
for all splice events.

Validation of alternative spliceoforms in graded patient samples
To validate the presence of alternatively spliced transcripts based on the microarray
expression data, the raw expression data was reanalyzed in SpliceFold™. Specifically, we
applied the ASPIRE algorithm which identifies splicing changes between two samples
where two alternative splice forms are differentially expressed, with one splice form up-
regulated and the other splice form down-regulated. This algorithm focuses on absolute
expression levels of the two splice forms and is a very stringent test that can be useful for
identifying the most pronounced splicing changes. Based on this analysis, 100 splicing
events were identified that had a minimum signal intensity on the microarray of 300 and a
minimum fold-change of 1.4. RT-PCR primers were designed to validate all splicing types,
however primer pairs that amplified only the short form were utilized so that the RT-PCR
analysis could be performed in a high throughput manner. From the 100 primer pairs
designed, 77 primers amplified the expected length transcripts. Representative examples of
twenty-four splicing events that encompass the six different modes of alternative splicing in
the three pancreatic cell lines are shown in Figure 2. These examples are representative of
the abundant short form spliceoforms that are present in pancreatic cancer.

Since the purpose of this study was to identify novel signatures of spliceoforms correlating
with the different stages of pancreatic cancer, we chose to characterize additional
spliceoforms that were selected by using the values determined by the Splicing Index. The
Splicing Index looks at a change in the relative abundance of two splice forms in two
samples. It requires that only one of the splice isoforms is expressed in either sample, and
may lead to large scores in cases where a splice isoform is highly expressed in one sample
but not detectable in the other sample. The expression patterns as predicted by the Splicing
Index values in Table 2 correlated with the patterns seen in the RT-PCR experiments. For
example, the splice variant of the SLK gene skipping exon 3 was downregulated in Capan-1
cells with respect to HPDE cells, whereas the wild type variant was upregulated in Capan-1
cells compared to HPDE cells. As shown in Figure 3, we screened: 1) normal whole
pancreatic tissue, 2) isolated ductal cells from normal pancreas, 3) histologically normal
whole pancreatic tissue adjacent to tumor, 4) grade 3 and grade 4 ductalar pancreatic
adenocarcinomas and 5) the three pancreatic cancer cell lines that we initially used in the
spliceoform microarray experiments. The predicted spliceoform expression patterns that
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were observed in the HPDE6 cell line were present in the normal ductal cells and in the
normal whole pancreatic tissue samples. Interestingly, the normal tissue adjacent to
pancreatic cancer had spliceoform expression patterns that correlated more closely with the
Capan-1 and MiaPaCa2 cell lines than with the HPDE6 cell line. The spliceoforms that were
confirmed in Capan-1 and MiaPaCa2 cells were consistent with the graded patient tumor
samples, however, the differences in expression pattern varied when compared to the human
primary clinical samples. These differences could be due in part to the small sample size or,
more likely, the differences between the homogenous cell lines versus the cellular
heterogeneity of the tumor samples.

Since the microarray results identified unique patterns of spliceoforms for the different cell
lines, with the presence of these spliceoforms and their patterns of expression validated in
primary tumor tissue, we hypothesized that the splicing machinery itself could be abnormal
in cancer cells. Using the proteomic data generated by Zhou et al.22, 23, a Taqman Low
Density array that contained primers and probes for 92 out of the 300 characterized proteins
found in the spliceosome was designed. Quantitative PCR was performed on the pancreatic
cell lines24 and on graded patient samples. As shown in Figure 4, proteins involved in the
splicing process have dramatically different gene expression levels in primary pancreatic
cancer samples compared to adjacent normal tissue. These trends were consistent in the
grade 3 and 4 clinical cancer samples and in the cancer cell lines24. Out of the 92
spliceosomal genes assayed, 28 genes were significantly different. Two trends were
observed: for five splice factors, after the initial decrease in expression, the levels between
the grade 3 and 4 tumors remained constant. For the remaining twenty-three splice factors,
the levels of expression continued to decrease from grade 3 to grade 4 (ex. CIRBP, MBNL2,
and TNRC4). This suggests that there are specific cancer-associated changes of certain
spliceosomal proteins, rather than a general increase or decrease in the expression of all
components of the splicing machinery.

Discussion
Splicing of primary transcripts from the genetic code is essential to the normal function of a
cell. The spliceosome, which essentially regulates the shuffling of genetic material, is one of
the most structurally and functionally complex components of the cell. Accurate pre-mRNA
splicing is necessary for the production of diverse products of a single gene that are often
critical for normal cellular development and function. The myriad of protein isoforms can
also change with neoplastic progression; in such a setting, one would anticipate cancer-
associated splicing changes. In this report, we have characterized genome-wide splicing
events in pancreatic cancer cell lines, MiaPaCa and Capan-1, compared to the near-normal
pancreatic ductal cell line, HPDE6, using a custom splice variant microarray that measures
98,000 spliceoforms. Splicing variation changes were then validated by RT-PCR of 100
splice variants that were differentially expressed between these cell lines. Validation was
performed in the original pancreatic cell lines, as well as in whole tissue and isolated ducts
from normal pancreas, histologically normal pancreatic tissue adjacent to tumors, and
primary pancreatic adenocarcinomas.

Our data, from both cell lines and human pancreatic tissue, revealed the largest diversity in
alternative spliceoforms in the normal cells and tissue, while pancreatic cancer and cancer
cell lines had a sharp reduction in the number of spliceoforms present. This observation was
first recognized on the genome-wide custom splicing array and then verified by RT-PCR. Of
note the histologically normal pancreatic tissue adjacent to cancer had an intermediate
pattern between cancer (least splicing variation) and true normal pancreas (most splicing
variation). While the number of spliceoforms was limited in the pancreatic cancer cell lines,
some of these splice variants appeared to be unique to the tumors cells.
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The encouraging results from the microarray validation experiments and the changes in
splice factor expression patterns in patient samples motivated us to further test the predicted
variants in patient samples. The presence of the variants was consistent with the predicted
results, however the relative levels of expression in the clinical samples were often not as
predicted by the cell line data: there was splicing variation between individuals with the
same diagnosis, as well as variation between diagnostic groups. For example, the tumor cell
lines and the graded patient samples contained the predicted splice variants but the absolute
levels of expression were not as expected. Also, in addition to the predicted variants, the
tumor samples contained variants that had not been identified in the microarray analysis of
the cell lines. Since homogeneous cell lines were used in the initial microarray screen,
expression patterns for spliceoforms that are present in clinical (and more complex) samples
might not have been detected. However, in the tissue validation studies, the presence of the
additional spliceoforms are most likely due to the splicing diversity in the complex mixture
of cells found within the tumor tissue. Though these results were not broadly generalizable,
some patients' samples did display the expression trends predicted by the cell line expression
data, thus supporting the use of the alternative splicing microarray for detecting differences
in the presence and expression of spliceoforms that might be unique to the various stages of
pancreatic cancer in patient samples.

Similar findings have been described in splicing studies of colon, prostate, and bladder
cancers25, where the variance in splicing ranged from lowest to highest in the following
order: technical replicates, inter-cell line variation, intra-patient tumor variation, and inter-
patient tumor variation. The study also found larger and more significant differences in
splice indices between normal samples from colon, bladder, and prostate than between
normal and cancer samples.

In order to discover why there was a widespread reduction in splicing diversity in pancreatic
cancer, we analyzed the expression differences for 92 genes associated with the
spliceosome. Thirty percent (28 of 92 genes) of the spliceosome genes tested had decreased
expression in pancreatic cancer samples compared to normal pancreas. Several of the key
splice factors that are responsible for initiating the splice complex and for the formation of
the lariat structure had decreased expression. Interestingly, none of the splice factors were
significantly over-expressed in the tumors. A cancer-associated decrease of expression of
splicing initiation genes and genes that regulate splicing function would certainly fit with the
dramatic loss of splicing variation that we detect in pancreatic cancer cell lines and primary
tumors.

Regulation of the splicing machinery may vary according to the type of cancer, as studies of
ovarian tumors found that regulatory splicing factors, (SFRS1 and SFRS2) show a marked
increase in expression compared to normal tissue, while the expression other regulatory
splicing factors (SFRS5 and SFRS6) remained constant26. In our study of pancreatic cancer,
the expression level of these splicing factors (SFRS 1, 2, 5 and 6) were decreased in tumors.
Another factor in considering the different levels of splice variants in different cancers is the
fact that regulation of the spliceosome can very according to the underlying tissue type, with
the normal human brain having the greatest splicing diversity of organs thus far tested27.
Thus, splice variation and the changes in regulation of the splicing machinery may not be
comparable across diseases and across organs.

We have described the loss of splicing diversity associated with pancreatic cancer cell lines
in the initial genome-wide scan and then validated the loss of diversity in clinical pancreatic
cancer samples. Lastly, we described the loss of expression of the many spliceoform
components and regulatory factors. The finding of intermediate loss of splicing diversity in
the normal appearing tissue adjacent to cancer suggests that dysfunction of the splicing
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machinery may occur relatively early in the process of neoplastic progression, before
morphologic changes are apparent microscopically.

Several recent studies have characterized the mammalian pancreatic cancer transcriptome
using RNA and DNA sequencing techniques28–30. Jones et al, sequenced 20,735 transcripts
from 24 advanced pancreatic adenocarcinomas and concluded that 160 missense mutations
that can be created by intron retentions or splice site changes were predicted to contribute to
tumorigenesis31. Based on these results, it is quite apparent how prevalent alternative
splicing and variants are, but one should have caution when interpreting alternative splicing
results. The differences that are seen in sequencing transcriptomes from heterogenous tumor
samples may be an under-representation of the most informative splice variants since there
is high variability between patient samples. In order to fully understand the importance of
alternative splicing and pancreatic cancer, a combined approach using the information from
the alternative splicing microarray, followed by transcriptome sequencing, may be the most
comprehensive way to identify informative splice variants
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Figure 1. Variation in RNA transcripts found in pancreatic cancer cell lines reflecting varied
degrees of differentiation
A) Shown are expression levels for all of the probes found on the splicing array, with signal
intensities plotted along X- and Y-axes. The `wings' along the axes correspond to probes
specific for genes and spliceoforms that were turned on or off in nearly a binary fashion. B)
Shown are relative levels of gene expression observed in pancreatic cancer cell lines. C)
Shown are relative levels of expression of spliceoforms observed in the pancreatic cancer
cell lines after normalizing the data for levels of gene expression.
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Figure 2. RT-PCR validation of alternative splicing events predicted by the splicing array data
A) Shown is a general schematic for design of PCR primers utilized to detect short
spliceoforms representing each type of alternative splicing event. B) For each noted gene
and type of alternative splicing event, primers designed similar to the schematic above were
applied to pancreatic cancer cell lines HPDE6, Capan-1, and MiaPaCa2 (left to right,
respectively). This analysis supported the presence of each type of splicing event that was
predicted to exist.
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Figure 3. Expression of alternative spliceoforms in patient samples
Spliceoforms that were predicted to exist by the Splicing Index algorithm applied to the
pancreatic cancer cell lines were analyzed by RT-PCR in normal pancreas (NP*), isolated
ductal cells from normal pancreas (NP#), adjacent normal pancreatic tissue (Adj. Nor.), and
grade 3 and 4 primary pancreatic carcinomas, as well as the pancreatic cancer cell lines
HPDE6 (H), Capan1 (C), and MiaPaCa2 (M). This supported the presence of the predicted
spliceoforms in patient samples.
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Figure 4. Quantitative PCR expression profiles for selected spliceosomal transcripts
cDNA from six normal pancreatic specimens and from pancreatic cancer specimens from
five patients with grade 3 tumors and from five patients with grade 4 tumors were analyzed
by quantitative PCR, with the relative quantities of product normalized relative to three
different housekeeping genes (GAPDH, beta actin, and HNRPA2B1 ribosomal protein).
After performing a one way-ANOVA and FWER false-discovery correction, 28 of 92 genes
that were tested were identified to be significantly different in normal tissue relative to the
tumors. Many of these genes also varied with tumor grade. Shown are values representing
means ± 95% confidence interval.
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