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ABSTRACT

Alternative splicing (AS) is a common mechanism which creates diverse RNA isoforms
from a single gene, potentially increasing protein variety. Growing evidence suggests
that this mechanism is closely related to cancer progression. In this study, whole transcrip-
tome analysis was performed with GeneChip Human exon 1.0 ST Array from 80 samples
comprising 23 normal colon mucosa, 30 primary colorectal cancer and 27 liver metastatic
specimens from 46 patients, to identify AS events in colorectal cancer progression. Differ-
entially expressed genes and exons were estimated and AS events were reconstructed by
combining exon-level analyses with AltAnalyze algorithms and transcript-level estima-
tions (MMBGX probabilistic method). The number of AS genes in the transition from
normal colon mucosa to primary tumor was the most abundant, but fell considerably in
the next transition to liver metastasis. 206 genes with probable AS events in colon cancer
development and progression were identified, that are involved in processes and pathways
relevant to tumor biology, as cell—cell and cell-matrix interactions. Several AS events in
VCL, CALD1, B3GNT6 and CTHRC1 genes, differentially expressed during tumor develop-
ment were validated, at RNA and at protein level. Taken together, these results demon-
strate that cancer-specific AS is common in early phases of colorectal cancer natural
history.
© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Colorectal cancer (CRC) development

accumulation of a significant number of genetic alterations
of genes regulating key cellular processes (Fearon and
is a model of Vogelstein, 1990; Sheffer et al., 2009). About 20—25% of colo-

cancerogenesis with a complex multistep process, involving rectal cancer patients present with distant metastatic disease

Abbreviations: ncRNAs, non-coding RNAs; N, normal colon mucosa; T, primary colorectal cancer; M, liver metastasis; ASEs, alterna-

tively spliced exons.
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(mainly in the liver) at diagnosis, and unresectable liver
metastasis is associated with short survival (Gleisner et al,,
2008; Jemal et al., 2005; Ogino and Goel, 2008).

Several studies have evaluated gene expression and
genomic profiling of CRC (Cardoso et al., 2007; Habermann
et al.,, 2008), focusing mainly on differential gene expression
for disease phenotype classification (e.g. neoplastic vs normal
tissue), but also on gene expression variability according to
anatomical regions in normal colon (Birkenkamp-Demtroder
et al.,, 2005; LaPointe et al., 2008). A recent comprehensive
study involved exome sequence, DNA copy number, promoter
methylation, mRNA and microRNA expression. As well as
identifying recurrent mutated genes and methylation pat-
terns, this study identified recurrent alterations in several
pathways (e.g., WNT, PI3K, TGF-B, MAPK, p53) and found mo-
lecular signatures associated with tumor aggressiveness
(Cancer Genome Atlas (2012)), thus reinforcing the concept
that multiple genetic events are required to unleash the ma-
lignant progression of CRC and also that only a genome-
wide approach can interpret complex scenarios in the biology
of tumors.

Ample evidence now shows that most human genes un-
dergo alternative splicing (AS) to express many transcript iso-
forms. The resulting protein isoforms play distinct roles,
which contribute to increase the functional diversity of cells
while maintaining a limited number of genes encoded by
the genome.

Although splicing events do not always have functional
consequences, it is clear that this process has great potential
to produce a significant biological effect in several cell pro-
cesses. For example, there are now several studies demon-
strating that splicing alterations occur in many cancers (Pal
et al,, 2012). A quantitative estimate of splicing disruption in
cancer has also been attempted, and the expression of normal
splice variants was found to be widely and significantly dis-
rupted in at least half the cancers studied (Ritchie et al,
2008). Until now, a relatively small number of studies have
addressed the role of AS in tumors from breast, brain, lung
and colorectal cancer, from which it appears that splicing al-
terations are quite common in cancer (Germann et al., 2012).
In this regard, alternatively spliced proteins are particularly
important in oncology, since they may contribute to the etiol-
ogy of cancer, be involved in the metastatic process
(Gutschner et al., 2013), serve as prognostic biomarkers
(Brinkman, 2004) and provide tumor selective drug targets.

In addition, transcriptome complexity has gradually
become appreciated in the last few years. Several classes of
non-coding RNAs (ncRNAs) control expression at multiple
levels, acting as epigenetic (Taft et al., 2010), transcriptional
(zardo et al, 2012) and post-transcriptional regulators
(Bisognin et al, 2012; Lionetti et al, 2009) in normal
development, physiology and, when dysfunctional, disease
conditions.

Control of RNA processing is currently recognized as an
essential component of gene expression regulation. For
instance, alternative cleavage and polyadenylation play
important roles in CRC development (Morris et al., 2012).
RNA-based processes are definitely involved, either as causa-
tive entities, modulating influences, or as compensatory re-
sponses to disease (Ward and Cooper, 2010).

More than 95% of human genes encode splice isoforms,
some of which exert antagonistic functions (Miura et al.,
2012; Pan et al.,, 2008; Wang et al., 2008). Alternative splicing
(AS) increases the diversity of both ncRNAs and coding tran-
scripts, reflecting protein isoforms and directly influencing
protein—protein interaction networks (Ellis et al., 2012). AS is
accurately controlled, both spatially and temporally, by the
interplay of cis-acting signals of trans-acting elements
(Kornblihtt et al., 2013; Miura et al.,, 2011). The latter may
comprise splicing machinery components as well as trans-
acting ncRNAs with regulatory roles.

Over 50% of disease-causing mutations affect splicing (Tazi
et al., 2009). Several splice variants are commonly found to be
enriched in cancer tissue compared with normal surrounding
tissue. Splicing changes may result from mutations within
intronic or exonic splicing elements in cancer genes. However,
aberrant splicing often involves transcripts from non-mutated
genes, indicating defects in splicing effectors or regulators
(Ward and Cooper, 2010). It should be noted that the
metastasis-associated ncRNA MALAT-1 modulates AS, con-
trolling the ratios among various isoforms through its interac-
tion with the serine/arginine-rich (SR) family of nuclear
phosphoproteins of the splicing machinery (Tripathi et al.,
2010). Other advances in understanding molecular mecha-
nisms and pathways modulating the AS of transcripts encod-
ing key cancer proteins (caspase 9 AS regulation by
phosphoinositide 3-kinase/Akt pathway (Goehe et al., 2010);
SLC39A14 CRC regulation by the Wnt pathway (Thorsen
et al., 2011)) have emphasized the importance of AS deregula-
tion in all aspects of cancer aetiology. Aberrant splicing in can-
cer may increase the oncogenic potential of protein variants
and promote cancer progression (Germann et al., 2012). Spe-
cific splicing events products may be signatures identifying
cancer subtypes, predicting clinical outcomes or indicating
treatment choices. It was the knowledge that the AS of Bcl-2
generates both pro- and anti-apoptotic proteins, whose com-
bination regulates the apoptosis machinery critical for cell
fate (Akgul et al., 2004), which paved the way for the develop-
ment of novel anticancer drugs affecting the AS of Bcl-x and
other human apoptotic genes (Shkreta et al., 2008). Modula-
tion of splicing through small and anti-sense RNA molecules
is also a powerful approach against disease causes and effects.

In this view, identification of cancer-associated splicing
events and differential isoform expression between cancerous
and normal tissues is a key issue in ongoing cancer research.

A few studies have investigated AS in colon cancer by
means of exon arrays. Early in this field, Gardina et al. exam-
ined 20 paired tumor-normal colon cancer samples from 10
patients, predicting and partially validating specific splicing
events mostly affecting cytoskeletal, extracellular and
cell—cell interaction proteins (Gardina et al., 2006). Thorsen
et al. studied tissue- and tumor-specific AS in various types
of tumors, and validated six out of 23 detected colon cancer-
specific AS events, only two of which were not reported by
Gardina et al. (Thorsen et al., 2008). Mojica and Hawthorn re-
ported exon array-based data from 13 non-neoplastic colonic
epithelial cells from 10 patients, and directly compared them
with previously mentioned matched samples, showing the
complexity of AS and highlighting the limitations of current
transcript annotations (Mojica and Hawthorn, 2010). More
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Table 1 — Patient and tumor characteristics.

No. of patients 46

Age (years, mean =+ s.d.) 60.7 £ 10.2

Gender

Female 17 (37%)

Male 29 (63%)

Tumor site

Cecum, ascending colon, transverse colon 13 (28%)
Splenic [left] flexure, descending colon, 20 (44%)
sigmoid colon

Rectum 13 (28%)

TNM stage v

Liver metastasis

Synchronous 39 (85%)

Metachronous 7 (15%)

recently, Thorsen et al. showed that the AS of the divalent
cation transporter SLC39A14 in CRC is regulated by the Wnt
pathway, through regulation of the SRSF1 splicing factor and
its regulatory kinase SRPK1 (Thorsen et al., 2011).

Overall, previous exon array-based studies have demon-
strated the scarce specificity of available AS detection
methods. Indeed, identification of cancer AS events with
RNA-seq data is still an open issue. In the present study, we
used exon chips to obtain exon expression profiles in a large
set of biopsies from normal colon mucosa, primary CRC and
liver metastases, partially matched by individual patient. We
implemented an integrative framework, combining detection
of exons involved in cancer-related AS events, and identifica-
tion of transcript isoforms differentially expressed during CRC
development and progression, to identify a restricted set of AS
events, some of which were experimentally validated.

2. Material and methods
2.1. Patient samples and RNA extraction

For this study, 46 patients with colorectal adenocarcinoma,
who underwent surgery at the Department of Surgery,
Oncology and Gastroenterology, University of Padova, be-
tween March 1994 and September 2008, were retrospectively
selected from the institutional prospectively maintained colo-
rectal database. Patients with known history of hereditary
CRC syndrome were excluded. The Ethics Committee of the
University Hospital of Padova approved the study, and all pa-
tients provided their written informed consent. Enrolled pa-
tients did not receive neo-adjuvant treatment. We selected
samples of normal mucosa (N), primary colorectal cancer (T)
and liver metastases (M). Table 1 lists the main patient and tu-
mor characteristics. Normal mucosa samples were taken at a
minimum distance of 10 cm from the tumor site. All samples,
after excision, were immediately snap-frozen in liquid nitro-
gen and stored at —80° until use.

From each tissue sample, 7 um sections were prepared in a
Leica CM 1950 cryostat (Leica Microsystems, Wetzlar, Ger-
many). Haematoxylin- and eosin-stained sections of each
specimen were evaluated by an experienced pathologist, and
only samples with more than 80% of tumor tissue were

considered for RNA extraction. Total RNA was extracted
from cryostat sections with 1 mL Trizol reagent (Invitrogen
Life Technology Inc., Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNA concentration was quanti-
fied on a NanoDrop 1000 Spectrophotometer (NanoDrop Tech-
nologies, Waltham, MA, USA). RNA quality was evaluated by
RNA 6000 Nano LabChip (Agilent Technologies, Santa Clara,
CA, USA) on an Agilent 2100 Bioanalyzer. Samples with RNA
integrity number <6 were excluded. Total extracted RNA
was purified according to the ‘RNA Cleanup’ protocol, with
column DNase digestion to remove residual genomic DNA
and to deliver high-quality total RNA (Qiagen, Crawley, West
Sussex, UK).

2.2.  Microarray hybridization and raw data processing

GeneChip Human Exon 1.0 ST (Affymetrix) was used to
analyze both gene and exon expression in T, N and M samples.
RNA isolated from tissue samples was labeled and hybridized
according to the manufacturer’s instructions (Affymetrix,
Santa Clara, CA, USA). Briefly, 100 ng of total RNA from each
sample was labeled with the Ambion WT expression kit
(Ambion Inc, Austin, TX, USA) as provided by the manufac-
turer. End-labeling, hybridization, washing and scanning
were performed according to the user manual of the GeneChip
Whole Transcript (WT) Sense Target Labeling Assay (Affyme-
trix), and using an Affymetrix GCS 3000 7G scanner.

Initial quality control was performed with Affymetrix®
Expression Console™ software (v.1.0) to determine the success
of hybridizations. Probe-level signals were summarized in
parallel, to estimate both exon and gene expression levels in
the samples. Raw data were processed by RMAExpress, a
GUI program to compute gene expression summary values
for Affymetrix GeneChip® data with the Robust Multichip
Average expression summary and to carry out quality assess-
ment with probe-level metrics. Quality control of samples was
based on two main PLM-based quality statistics, Normalized
Unscaled Standard Error (NUSE) and Relative Log Expression
(RLE), to assess the overall quality of signals in each array, ac-
cording to the distribution of standard errors and relative logs
of expression of single probesets. MA plots before and after
RMA were evaluated to identify biases associated with specific
intensity classes. The IQR limits option was used to visualize
control limits (1.5'IQR above the upper quartile and 1.5*IQR
below the lower quartile), derived from normal boxplot outlier
identification rules. Genes and exons were ranked according
to expression profile variability across samples with the CV
(coefficient of variation). For descriptive analysis of samples,
the agglomerative clustering procedure was used, with Pear-
son’s correlation distance and complete linkage clustering.

2.3. Data analysis for AS identification

AltAnalyze version 1.0 Beta (Emig et al., 2010) was applied to
exon-level analysis. A 0.05 maximum detection above back-
ground p-value and a probeset intensity greater than 70
were required to preselect probesets, which were then used
to identify AS exons (ASEs; p-value 0.05), i.e., those exons
with expression variability of which in a sample contrast is
not attributable to whole gene expression variability. Both
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MiDAS (Microarray Detection of Alternative Splicing) and
FIRMA (Finding Isoforms using Robust Multichip Analysis) al-
gorithms were applied to identify ASEs in three contrasted
conditions/groups of samples. For each contrast, two post-
analysis filters were applied: a fold change of at least 2 for
alternative spliced exons, and a fold change of at most 3 for
genes.

MMBGX (Multi-Mapping Bayesian Gene eXpression) (Turro
et al., 2010) version 0.99.9, was used for probabilistic estima-
tion of the expression level of each known Ensembl transcript
and gene interrogated by the set of probes considered, from
the GeneChip Human Exon platform. The p; statistic (the pos-
terior probability that a transcript is more up-regulated than
its corresponding gene in condition 1 relative to condition 2)
was calculated for each transcript and each sample group
contrast. In this way, transcripts with p. values of <0.05 or
>0.95 were considered to be differentially expressed (differen-
tially expressed transcripts, DETSs). For each contrast, genes
with atleast one DET were considered putatively differentially
spliced in that comparison (differentially spliced genes, DSGs).

2.3.1. Functional enrichment
GO terms and KEGG pathway functional enrichment was car-
ried out with DAVID. Only enrichment results with FDR <1%
were judged to be significant.

2.3.2. Selection of candidates of AS events for experimental
validation

Results from ASEs were then complemented with information
from the xmapcore R package, version 1.2.8, which remaps
Affymetrix probes to Ensembl v.56. A UCSC genome custom
track was built for each candidate AS event, to facilitate visual
inspection of probes in the genomic context. Probes were
color-coded according to the specificity of alignment, to give
priority to AS occurring in sets of probes which do not cross-
hybridize to other genomic positions.

In addition to the p; statistics implemented in the MMBGX,
differential expression of transcripts was also assessed by
evaluating the posterior probability distribution plots of gene
and transcript expression levels. Priority was given to tran-
scripts for which expression estimate plots show an opposite
trend compared with that of the gene.

2.4. Reverse transcription of mRNA, quantitative PCR
and data analysis

One pg of total RNA was used for first-strand cDNA synthesis
using the SuperScript™ Il Reverse Transcriptase kit (Invitrogen
by Life Technologies Inc., USA) in a total volume of 20 pl ac-
cording to the manufacturer’s instructions. Reverse transcrip-
tion was performed as follows: a volume of 12 ul containing
oligo (dT)1,-1s primers (Invitrogen), dNTP mixture and RNA
was incubated at 65 °C for 5 min, then were added 5X First-
Strand Buffer and 0.1 M DTT up to 19 pl and incubated at
42 °C for 2 min; finally Superscript II RT (200 U/ul) was added
to a final volume of 20 pl. Final reaction mixture was incubated
at 42 °C for 50 min and terminated at 70 °C for 15 min. The
cDNA was stored at —20 °C until further use.

In order to validate transcript array expression data, RT-
gPCR was carried out by LightCycler 480 II using LightCycler

480 multiwell white plates (Roche Applied Sciences, Indianap-
olis, USA) and SYBR Green I Master (Roche), with specifically
designed primers (Table S3A in Supplementary File 3) or Probe
Masters with RealTime Ready Single Assay (Roche) (Table S3B
in Supplementary File 3). Primers were designed using Pri-
mer3Plus software. Primer-Blast (http://www.ncbi.nlm.nih.-
gov/tools/primer-blast/) was used to check primer specificity
for transcripts and genomic targets. Primers were designed
to detect and distinguish at least among the transcripts that
are differentially expressed in our integrative analysis, unless
otherwise specified. Amplicons were tested for potential sec-
ondary structure using OligoAnalyzer 3.1 (Integrated DNA
Technologies, Belgium). PCR products were 423 bp for tran-
script isoforms —001 (ENST00000361901), 132 bp for the iso-
form —005 (ENST00000361675) and 235 bp for the —012
isoform (ENST00000436461) all belonging to CALD1; for VCL-
001 (ENST00000372755) and for VCL-201 (ENST00000211998),
PCR products were 197 and 274 bp, respectively.

Optimal reaction conditions for RT-qPCR with SYBR Green I
Master were obtained using 0.5 uM forward primer, 0.5 pM
reverse primer, RNase/DNase-free water and cDNA template
up to a final volume of 20 pl. Amplifications were performed
starting with a 5 min enzyme activation at 95 °C, followed
by 45 cycles of denaturation at 95 °C for 10 s, annealing at
60 °C for 15 s and extension at 72 °C for 15 s. At the end of
each run a melting curve analysis was performed from 65 to
95 °C.

Instead, in RT-qPCR performed with RealTime Ready Single
Assay each custom assay was already distributed into the
plates and includes transcript specific primers and a Universal
ProbeLibrary (UPL) probe, which is a short FAM-labeled hydro-
lysis probe containing locked nucleic acid (LNA). Then Probe
Master and cDNA template were added up to a final volume
of 20 pl. Amplifications were performed starting with a
10 min enzyme activation at 95 °C, followed by 45 cycles of
denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s and
extension at 72 °C for 1 s.

Cycle of quantification (Cg4) values over 36 were excluded
from further mathematical calculations. A sample without
cDNA was used as negative control.

Experiments were performed on at least 70 samples
included in the final exon array dataset of 80 samples. Each
sample was measured independently three times in triplicate
to assess the repeatability and reproducibility of results and
the data were analysed according to the AAC4 method against
the internal reference gene DACTY, selected as a trustworthy
expressed control with minimum variability (measured as
expression profile Shannon entropy) using LightCycler 480
Software, Version 1.5 (Roche). Data were expressed as mean
values + SE. Statistical significance was assessed with t-test.

2.5. Western blot analysis

Total proteins were extracted from 3 triplets of matched
frozen tissues (N, T, M) in lysis buffer containing protease in-
hibitors. 40 pg of protein from each sample was denatured,
fractionated by 10% SDS-PAGE, and transferred to PVDF mem-
branes (Immobilon-P Transfer Membranes, Millipore, Milan,
Italy). After blocking of non-specific antigens with 5% BSA so-
lution, blots were incubated overnight at 4 °C with primary
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mouse monoclonal antibody against caldesmon (clone
1.B.638:sc-70479, 1:100 working dilution, Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA, USA) in 5% BSA 0.05% PBS-
Tween 20 buffer. Antibody binding to the membrane was
detected with a secondary antibody (sheep anti-mouse IgG
1:5000, GE Healthcare, Milan, Italy) conjugated to horseradish
peroxidase and visualized by enzyme-linked chemilumines-
cence (SuperSignal West Pico Chemiluminescent Substrate,
Thermo Scientific, Rockford, IL,USA) with the Chemidoc XRS
System (Bio-Rad). After immunodetection, the PVDF mem-
brane was stained with 0.1% Coomassie G-250 as loading con-
trol (Welinder and Ekblad, 2011). To normalize the signal of h-
caldesmon and 1-caldesmon, densitometric analysis was per-
formed with ImageJ software, and the intensity of the two
bands was normalized against the signal of the entire lane.

3. Results

3.1 Genome-wide gene and exon expression variation
during CRC development

To understand the role of AS in CRC progression, we per-
formed a genome-wide analysis in a group of patients, not
only to find specific cases of substantial deregulation of AS
in tumor progression, but also to describe the whole effect of
AS deregulation in colon cancer development and in the met-
astatic process. To identify tumor-specific changes taking
place from normal colon mucosa (N) to primary colorectal
cancer (T) and subsequently to liver metastasis (M), we esti-
mated gene and exon expression using RNA isolated from 80
samples comprising 23 N, 30 T and 27 M, obtained from 46 pa-
tients (for patient and tumor characteristics, see Table 1). This
datasetincluded 27 samples belonging to 9 patients with three
matched samples (T, N and M from the same patient) as
detailed in Table 2. We used GeneChip Human Exon 1.0, con-
taining about 5.4 million probes grouped into 1.4 million exon-
level probesets, interrogating over one million exon clusters,
classified according to the annotation level of the genomic
probe selection regions. Exon-level expression measures
were based on an average on 4 probes per exon and gene
expression measures on an aggregation of all probes
belonging to the same gene, with an average of 41 probes
per gene.

To analyze both gene and exon expression, samples were
tagged both according to sample type (N, T, M) and patient
matching of samples, primary tumor topological site (left,
right, rectum), type of metastasis (synchronous, metachro-
nous) and gender. After ranking gene- and exon-level expres-
sion profiles by variability, descriptive cluster analyses of
samples was performed, as described in Methods, and both
gene-and exon-level expression information was used.

Figure 1 shows heatmaps with sample classification ob-
tained in parallel according to the 1000 most variable genes
(Figure 1A) and 1000 most variable exons (Figure 1B). Interest-
ingly, our data show that the expression profiles of the most
variable exons allow better separation of sample groups
than those of the most variable genes. In addition, exon pro-
files are able not only to separate properly normal samples

from tumors and metastasis, but also to classify samples on
the basis of possibly subtle sub-class differences. That is,
normal colon tissue samples are almost perfectly classified ac-
cording to patient gender. We studied this result further by
analyzing differentially expressed genes and transcripts, and
identified 10 genes with transcripts down-regulated in male
patients. It was interesting to observe that the genes are map-
ped in chromosome X, whereas most of the genes with tran-
scripts over-expressed in males are mapped in chromosome
Y (See in Supplementary File 1, text and Table S1 for results).
Conversely, some of the sample misclassifications appear to
be due to similarity across samples from the same patient,
i.e., a metastasis may be more similar to the primary tumor
of the same patient than to other metastases from other pa-
tients. Cluster analysis does not clearly classify samples ac-
cording to type of metastasis or topological site of primary
tumor.

3.2. A robust set of candidate genes is involved in AS
events during CRC progression

To identify AS events in CRC progression, we estimated exon-
level expression with AltAnalyze and at transcript level with
MMBGX, and then identified events with significant differen-
tial expression during tumor progression. MMBGX directly es-
timates isoform-level expression and therefore can be used to
compare the expression of variants between conditions.
Moreover, it takes into account the one-to-many mapping be-
tween probes and probesets and the complex pattern of exon
sharing between different isoforms. The software has built-in
knowledge of array structure and mapping between probes
and Ensembl genes and transcripts and so is limited to avail-
able annotation (whereas exon level methods do not use any
prior knowledge). MMBGX expects as input raw probe-level
exon array data and produces, for each gene and transcript,
a thousand samples from the posterior probability distribu-
tion of concentration using a Monte Carlo Markov Chain algo-
rithm. Probability density plots of concentration of each
molecular species can be obtained and a statistics called pt
is implemented as a measure of the probability of differential
splicing of each transcript.

To guarantee the possibility of comparing and integrating
the results, AltAnalyze was applied to a customized set of

Table 2 — Description of sample groups for exon array dataset

(N = normal colon mucosa, T = primary tumor, M = liver
metastasis).

Sample characteristics

Match No. of patients Tissue No. of samples
type type

N-T-M 9 N 23

N-T 5

T-M 8 T 30

M-N 3

N 6 M 27

T 8

M 7 Total 80

Total 46
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Figure 1 — Sample classification and heat map based on 1000 most variable genes (A) and exons (B) across sample set. Top: color map indicates
tissue type, metastasis type, primary tumour site and patient gender. Second and third lines of top color map: patient matching of samples, showing
triplets and pairs of samples from each patient in same color. Left: color code for top color map.

expression signals of 449,810 probesets, coinciding with the
set available to MMBGX software annotation. The group of
probesets in question comprises 97% of the Affymetrix core
set (278,418 probesets), plus 171,392 probesets aligning to
Ensembl exons, with 33,740 genes represented (Table 3).

3.2.1. Genes with significant AS exons during tumor
progression

For the same sample group comparison, we used the FIRMA
and MiDAS algorithms of AltAnalyze and detected various

numbers of AS events, with FIRMA identifying a higher num-
ber of AS events. MiDAS and FIRMA are exon level methods
designed to infer splicing events looking at differential inclu-
sion of an exon when two groups of samples are compared.
Direct detection is not per se possible since Affymetrix exon
arrays do not include probes spanning more than one exon
as junction arrays do. MiDAS in particular compares via a clas-
sical one-way ANOVA test a full splicing model, which takes
into consideration an interaction term between sample and
exon, and a simplified one (no alternative splicing) where,

Table 3 — Functional enrichment of 206 genes involved in AS events in colon cancer development identified by integrated analysis.

KEGG ID Term P value Gene Total Fold Enrichment FDR
hsa04510 Focal adhesion  5.89E-005 VWTF, LAMA4, COL1A2, IGF1, ACTN1, RELN, VTN, THBS2, AKT3, VCL 5.584 0.067
hsa04512 ECM-receptor 8.73E-005 VWF, LAMA4, COL1A2, RELN, VTN, AGRN, THBS2 9.352 0.099
interaction
ID GO-BP Term BP P value Genes Fold enrichment FDR
G0:0007155 Cell adhesion 3,87E-004 SDK1, LMO7, ACTN1, VTN, SSPN, MMRN1, TINAG, VCL, 2.420 0.627
NCAM1, VWEF, COL17A1, LAMA4, FAT4, CD22, DSC2, SGCE,
RELN, AMICA1, THBS2, DST, HABP2
G0:0022610 Biological 3,94E-004 SDK1, LMO7, ACTN1, VTN, SSPN, MMRN1, TINAG, VCL, 2.420 0.638
adhesion NCAM1, VWF, COL17A1, LAMA4, FAT4, CD22, DSC2, SGCE,
RELN, AMICA1, THBS2, DST, HABP2
ID GO-MF Term MF P value Genes Fold enrichment FDR
GO:0005509 Calcium ion 3,37E-006 F13A1, UTRN, TPD52, CALB2, TMEM37, ATP2B4, FAT4, GSN, 2.636 0.005
binding ITIH1, DMD, PLS1, AMY2B, ANO7, THBS2, PLA2G10, SCUBE2,
ACTN1, MMP11, FBLN1, PLCE1, FBLN2, ATP2A3, CAPN13,
SULF1, DSC2, RELN, SGCE, DST, LCP1
GO0:0051015 Actin filament 3,71E-004 UTRN, PLS1, ACTN1, NEXN, DST, LCP1 9.633 0.508
binding
G0:0003779  Actin binding 3,04E-004  CALD1, UTRN, ACTN1, LMO7, PALLD, NEXN, VCL, GSN, DMD, 3.435 0.540

PLS1, DST, LCP1, TMOD1
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the difference between the logged signal for the exon and its
gene is expected to be a constant across all samples. If the
full model fits better the data then exon is considered ASE.
FIRMA does not try to estimate explicitly the discrepancy be-
tween observed and expected exon expression value in each
sample to infer alternative inclusion. It rather fits the standard
RMA model for the exon array and if large residuals for probes
of a given exon are detected an alternative splicing event is
assumed.

Independently of the specific measure considered, the
number of genes with AS events in the transition from N to
T was the most abundant (about 4% and 1% of genes, accord-
ing to FIRMA and MiDAS measures, respectively), whereas the
subsequent transition to liver metastasis accounted for one
order of magnitude fewer AS (0.4% and 0.1%, respectively)
(Figure 2A). About half genes giving rise to significant AS
events during tumor progression overlap with known protein
domains and motifs (data not shown). The numbers and pro-
portions of ASEs identified by the various algorithms in the
same transitions (NT, TM) follow the same trend as the AS
genes (Figure 2B).

3.2.2. Differentially expressed transcripts

Using MMBGX, we were able to make probabilistic estimates
of the expression level of transcripts in sample groups and
select those genes in which at least one transcript was signif-
icantly more up-regulated in one condition with respect to the
other, compared with the corresponding gene. As expected,
and matching the results obtained with AltAnalyze,
transcript-based analysis also identified the highest number
of genes with AS, in comparisons of normal colon tissue
with liver metastases (619), whereas more comparable
numbers of AS genes were identified when the comparisons
involved T vs M and N vus T tissues (Figure 3).

3.2.3. Candidate genes involved in AS events

To identify a more restricted but perhaps more robust set of
genes involved in AS events, we combined genes with ASEs
with genes with at least one DET, and obtained a list of 206
non-redundant candidate genes, of possible importance for
colon cancer biology (See Figure 3 and the table in
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Figure 3 — Number of genes associated to alternative splicing in the
considered sample contrasts. Green bars show genes with
differentially expressed transcripts identified by MMBGX. Purple
bars show the overlap (N = intersection) between the set of genes
with exons deemed as alternatively spliced by FIRMA and MIDAS
algorithms of AltAnalyze. Black bars show the overlap between the

two previously described gene sets.

Supplementary File 2). For each sample comparison, html ta-
bles accessible online (http://compgen.bio.unipd.it/suppl_ma-
terials/molonc/2013/) report AltAnalyze results about
differentially expressed probesets/exons, and intersections
of AltAnalyze and MMBGX results. Exon probesets are hyper-
linked to UCSC Genome Browser custom tracks color-coded
according to specificity (See Methods).

The final list of genes for which we predicted significant
differential splicing for each contrast comprises those genes
interrogated by the exon-level probesets recognized as alter-
natively spliced by both MIDAS and FIRMA statistics and
with at least one transcript with significantly variable expres-
sion in the sample groups considered, according to MMBGX.

For each contrast, Figure 3 shows genes interrogated by
probesets recognized as alternatively regulated by both
MIDAS and FIRMA statistics and deemed alternatively spliced

A
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Figure 2 — Identification of exons and genes involved in contrast-specific AS events by FIRMA and MIDAS algorithms of AltAnalyze. (A)

Percentages of genes and exons identified in pairwise sample contrasts, between normal colon mucosa (N), primary tumour (T) and liver metastasis.
A total of 33,740 genes were considered in all contrasts; 171,128, 171,186 and 174,399 exons were considered for NT, TM and NM contrasts,
respectively. (B) Overlap (N = intersection) between gene sets with exons deemed alternatively spliced by FIRMA and MIDAS algorithms, in

different sample contrasts.
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Table 4 — Additional information on alternative transcripts and their protein products considered for validation experiments.

Official Transcript ID Protein ID: Ensembl Characteristics of protein isoforms Length Mass

gene identifier Uniprot (@a)  (Kda)
symbol identifier
B3GNT6  B3GNT6-201  ENSP00000346256 Q6ZMBO-1 It synthesizes the core 3 structure of the O-glycan, an important 384 43
precursor in the biosynthesis of mucin-type glycoproteins.
CALD1 CALD1-005 (Also known as H-CAD) It is an actin- and myosin-binding protein implicated in the 793 93
ENSP00000354826 Q05682-1 regulation of actomyosin interactions in smooth muscle cells.
Binds tightly and specifically to actin, calmodulin, tropomyosin,
and myosin.
CALD1-001 (Also known as WI-38 L-CAD It is expressed in endothelial cells and is involved in migration. 538 63
11 1-CAD) ENSP00000354513 Plays a role in cytoskeletal architecture and dynamics in non
Q05682-4 smooth muscle cells. Missing 254 aa after myosin and
calmodulin-binding region in repeat regions (exclusion of
exon 1).
CALD1-012 ENSP00000411476C9J813 The residue at the extremity of the sequence is not the actual 459 54
terminal residue in the complete protein sequence. No
experimental confirmation available.
CTHRC1 CTHRC1-001 ENSP00000330523 Q96CG8-1 May act as a negative regulator of collagen matrix deposition. 243 26
Can be tethered to the cell surface to promote actin
polymerization and cell polarity.
VCL VCL-201 (Also known as: Metavinculin, It is actin filament (F-actin)-binding protein involved in cell- 1134 124
meta-VCL) ENSP00000211998 P matrix adhesion and cell—cell adhesion. It is a muscle-specific
18206-2 isoform and is co-expressed with vinculin in muscle tissues.
Regulates cell-surface E-cadherin expression and potentiates
mechanosensing by the E-cadherin complex. May also play
important roles in cell morphology and locomotion. It should be
important for force transduction. Metavinculin seems unable to
form actin filament bundles Contains an exon (exon 19) that
alters the biochemical properties of the five-helix bundle in the
tail domain.
VCL-001 (Also known as: Vinculin, VCL) It is actin filament (F-actin)-binding protein controls focal 1066 117

ENSP00000361841 P 18206-1 adhesion formation, strength, and migration. It regulates the

structural integrity of cell—cell adhesions by mediating the
mechano-response of E-cadherin. Vinculin is capable of
bundling F-actin into thick bundles. Missing 67 aa in C-terminal

tail.

according to MMBGX. In this reduced list, five times more
genes alternatively spliced genes in the N-T and T-M transi-
tions (51 and 10 genes, respectively), whereas the larger differ-
ence was observed when normal tissue was compared with
metastases (182 genes). Overall, our analysis of the total influ-
ence of AS events in CRC progression indicated that the high-
est variability is mainly restricted to transformation to
primary tumor, while a reduced number of AS events takes
place in progression to metastatic tissue.

The group of 206 genes involved in AS events in CRC devel-
opment was significantly enriched in genes belonging to Focal
Adhesion (10 genes) and ECM-receptor interaction (7) KEGG
Pathways, playing roles in adhesion processes (21) and with
molecular functions mainly related to calcium ion binding
(29), actin filament binding (6) and actin binding (13) (Table 3).

3.3. Validation of AS transcripts differentially expressed
during tumor progression

Given the complexity of the computational analysis required
to reconstruct alternative transcripts (AT) expression, we
validated the robustness of results obtained with the
genome-wide approach by quantitative RT-PCR (RT-qPCR).
Genes with AS events were reviewed manually to take into

account probe cross-hybridization to multiple exons/genes,
and probe alignments to transcripts and ESTs, identifying
18 best candidates (Table S3 in Supplementary File 3). Also
taking into consideration available biological information on
these genes and previous results about pathway and func-
tional enrichment of the largest gene set, we selected for
experimental validation of 5 candidate DETs belonging to 4
genes, CALD1, VCL, B3GNT6 and CTHRC1 (Table 4). These
genes are specifically involved in cell adhesion, cell—cell
and cell-matrix junctions and cytoskeleton organization
(CALD1 and VCL), vascular remodeling (CTHRC1) and biosyn-
thetic/metabolic processes (B3GNT6), all being processes
important for colon biology.

For the transcripts belonging to VCL gene, known to ex-
press multiple transcripts, we designed sets of primers to
amplify the differentially expressed transcripts (Table S4A in
Supplementary File 4). Regarding CALD1 gene, associated to
13 protein codingisoforms (Table S3), we used primers specific
only for the CALD1-012 transcript. For transcripts B3GNT6-201
and CTHRC1-001, we used commercially available probes
ensuring transcript specificity (Table S4B in Supplementary
File 4). RT-qPCR was performed with total RNA extracted
from at least 70 of the 80 tissue samples used for the exon
chip (Table 2).
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Figure 4 — Validation of microarray-detected alternative splicing events in N, T and M tissues from CRC patients. For each transcript, expression

in N (blue), T (yellow) and M (red) samples was estimated from exon array data (density curves with probabilistic estimation of transcript

expression; left panel), and measured by RT-qPCR (right panel). RT-qPCR data are shown as mean + SE of 3 experiments performed in triplicate.
*P < 0.05 vs normal colon mucosa. ™*P < 0.01 vs normal colon mucosa. nRQ; normalized Relative Quantity. For VCL alternative transcripts,

sequence-validated exon structures are shown and arrows indicate primer positions.

Of the selected genes, CALD1 and CTHRC1 are particularly
interesting, since they are among 48 genes significantly asso-
ciated with risk of recurrence in four independent studies of
patients with stage II/IIl colon cancer, treated with surgery
alone or surgery plus chemotherapy (O’Connell et al., 2010).

In the case of CALD1-012 transcript isoform, results of RT-
gPCR are in agreement with those obtained by MMBGX esti-
mate and show that this transcript is not only significantly
increased in the primary tumor, but it is further up-
regulated in metastases (Figure 4).

VCL gene encodes an actin filament (F-actin)-binding pro-
tein involved in focal adhesion and migration. As a scaffolding
protein, vinculin binds to many different ligands. We consid-
ered two isoforms VCL-001 (vinculin) and VCL-201 (metavin-
culin), the latter containing a region encoded an additional
exon (exon 19). This is a relatively poorly conserved sequence,
whose inclusion alters the structural and biochemical proper-
ties of the tail domain. As shown in Figure 4, we confirmed by
RT-qPCR that both isoforms are differentially expressed when
comparing normal colon mucosa with primary tumour and
with metastasis, showing an opposite behavior: VCL-001 is
up regulated whereas VCL-201 is down regulated in T and M
tissues compared to the normal counterpart, with no differ-
ence observed between T and M for both transcripts
(Thompson et al., 2013).

CTHRC1 codes for a secreted protein, which is considered a
potential biomarker for diagnosis, since its expression level in
CRC is increased. Our results clearly indicate that the expres-
sion of transcript CTHRC1-001 is significantly increased both

in primary and metastatic CRC, compared to normal tissue
(Figure 4).

Gene B3GNT®6 codes for a glycosyltransferase, which adds
stepwise carbohydrates to form the core 3 O-glycan structure,
restricted in its occurrence to mucins present in specialized
tissues such as colon. It has been reported that the core 3
structure in colon cancer tissues is reduced as the activity of
core 3 synthase is lower (Brockhausen, 1999; Kim, 1998), and
also that the expression of the protein gradually disappears
as the grade of the tumor progresses (Iwai et al., 2005). Accord-
ingly, our genomic analysis showed that transcript B3GNT6-
201 was down-regulated both in tumour and in metastasis,
compared with normal tissue, and RT-qPCR did confirm this
result (Figure 4).

We used Western blot (WB) analysis for studying the pro-
tein isoforms encoded by the different caldesmon transcripts
in an independent set of three new patients with matched
samples (N, T, M). According to a search of the Ensembl data-
base, AS of the gene encoding CALD1 results in 26 transcripts
of which 13 actually code for a protein product (Table S3 in
Supplementary File 3) involved in cell motility and actin cyto-
skeleton remodeling. Of these, CALD-005 is the longest tran-
script, containing an extended form of exons 5 and 6, giving
rise to a high molecular weight isoform of 793 aa (h-Caldes-
mon), mainly expressed by smooth muscle (Lin et al., 2009).
By MMBGX analysis we estimated that only three transcripts
belonging to the CALD1 gene (CALD1-001, CALD1-005 and
CALD1-012) are differentially expressed (Figure 5A and Table
4). Of these, CALD1-005 showed a predominant expression
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Figure 5 — Detection of caldesmon isoforms expression in matched N, T and M tissue. (A) For each CALD1 transcript, the plots show the
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The exon structure of alternative transcripts is reported above, with boxes indicating the differences among isoforms: the exon and the region

included only in CALD1-005 are shown in grey, the shorter exons 12 and 15 are shown in dark grey and the alternative exon 1 is shown by the
dashed texture. (B) Western blot analysis with primary monoclonal antibody detecting h-caldesmon protein band at 120 kDa and 1-caldesmon
protein band at 80 kDa, performed in 9 matched samples from 3 patients. (C) Quantification of h-caldesmon and 1-caldesmon protein level by

densitometric analysis in the same samples considered for Western blot.

in normal colon mucosa, compared with tumor tissue, prob-
ably reflecting the relatively higher expression of smooth
muscle in this tissue (Figure SA). This result was also sup-
ported at protein level, since WB analysis showed that h-Cal-
desmon was mainly expressed in N tissue from all 3 patients,
and progressively decreased in T and M tissues (Figure 5). All
the other isoforms, collectively called 1-caldesmon, are ubiqui-
tously expressed in non—muscle cells, but their significance
remains to be determined. Because of their high content of
glutamine residues, during SDS-PAGE h-caldesmon and l-cal-
desmon isoforms migrate to a seeming molecular weight of
120 and 70—80 kDa, respectively. We show that the expression
of an 80-kDa band increases from N to T and from T to M tis-
sue, thus confirming results observed with transcripts CALD-
001 and CALD-012 in RT-gPCR and exon analysis (Figures 4
and 5).

4. Discussion

In principle, arrays or sequencing-based technologies are use-
ful for transcriptome characterization. With both exon arrays
and RNA-seq, information supplied by short elements (probes
or sequencing reads) directly refers to gene exons, whereas
inference of the quality and expression of alternative

transcripts is technically complicated by the existence of
many isoforms per gene, with complex patterns of exon
sharing between isoforms. Several problems still limit the po-
tential effect of AS data on the ability of generating fruitful in-
formation. First of all, the complexity of the data requires new
computational methods; another challenge is to understand
whether these transcriptional changes effectively translate
into different transcripts. Exon arrays are not designed for
direct observation of a splicing event, as junction arrays are,
but they do allow the inference of the occurrence of splicing
events. Various computational methods have been developed
with this in mind, mainly based on detecting large-scale
changes in the expression of individual exons relative to the
gene level signal. We selected two different methods imple-
mented in the AltAnalyze package. MiDAS is based on a sound
statistical model and is quite conservative. FIRMA instead is
designed to perform well also in case of high intra-group vari-
ability (Purdom et al., 2008).

However, a significant statistic at exon level is not really
enough to deduce how each of the multiple gene transcripts
vary in sample groups, because the exon of interest may be
shared by many transcripts, as the probes designed to bind
it cross-hybridize with other exons of the same gene or even
with other genes containing similar sequences. In these cases,
it is difficult to determine how much of the signal change in
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the probeset is attributable to the expression change of the
exon of interest or to other cross-hybridizing exons. Since
exon-level statistics can neither detect nor quantify the abun-
dance of each individual isoform, and may thus miss the most
biologically significant information embedded in exon array
data, in the present study we used an integrated procedure
based on a combination of results obtained with AltAnalyze
with those of MMBGX, which identifies differentially
expressed transcripts according to the probabilistic estima-
tion of individual transcript expression levels in sample
groups. This integration phase presented some challenges,
e.g., for establishing homogeneous annotations and sets of
probes used by different methods, but it is important, since
exon- and transcript-level methods are orthogonal and have
diverse advantages and disadvantages. As exon-level
methods are characterized by low specificity, we applied
ancillary methods to increase specificity by filtering out probe-
sets prior to analysis. MMBGX can directly estimate isoform-
level expression and can therefore be used to compare the
expression of variants between conditions and even within a
single sample. For probabilistic reconstruction MMBGX relies
on transcript structures, as reported in Ensembl annotation.

Our results obtained from unsupervised hierarchical clus-
tering showed that exon-level expression can classify tissues
more efficiently than gene expression, at least as regards
normal colon mucosa from primary CRC and liver metastases.
To the best of our knowledge, exon expression has never been
used to classify tumor samples, and our data indicate that this
tool can be exploited as a subclass discovery tool, potentially
able to exploit fine differences between seemingly homoge-
nous tumor samples. It is not surprising that classification at
exon level is superior than that obtained at gene level, consid-
ering that a measure at the so-called gene level is actually the
average value of a number of transcript values, whereas an
exon-level measure evaluates the actual transcribed exons
and therefore reflects the transcriptome more accurately.

We have recently observed that, during CRC progression,
the main changes in miRNA expression take place in primary
tumors, with small variation in metastatic lesion (Pizzini et al.,
2013). The results presented here extend our previous findings
and also confirm that, at the level of AT, the main changes
follow the same pattern, with few changes during the meta-
static process. Consistently, hierarchical clustering of genes
or exons clearly distinguishes between normal colon and tu-
mors, whereas primary tumors and metastases are partly
mixed and display a lesser degree of dissimilarity. Collec-
tively, these results stress the importance of alterations occur-
ring during malignant transformation into primary tumors,
and establish a phenotype which is almost stable in metas-
tasis and which has a profound effect on the outcome of the
tumor.

In this study an integrative framework allowed us to define
with high confidence a set of 206 genes showing significant AS
events during tumor development and/or progression. This
group of genes was found enriched in biological processed
and pathways highly relevant for cancer progression, as adhe-
sion and ECM-receptor interaction. We selected 18 most trust-
able candidate genes with significant AS events. We further
investigated four genes among them, associated to some as-
pects of cancer development, and confirmed the differential

expression of atleast one transcript per gene in colorectal can-
cer progression.

The group of 18 genes selected includes relevant cancer
genes. Moreover, alternative splicing events important in can-
cer development are reported for experimentally validated
genes (see below) as well as for at least other three genes.
CD79a gene (ENSG00000105369), that encodes an Ig-alpha pro-
tein of the B-cell antigen component, has three different tran-
scripts.  An  alternatively spliced transcript variant
(DeltaCD79b) is involved in B-chronic lymphocytic leukemia
(Cragg et al., 2002). PDE4B gene (ENSG00000184588), a cAMP-
specific phosphodiesterase, presents 19 transcripts, 11 of
which are protein coding. It is known that the genes (PDE4A,
4B, 4C, 4D) of the PDE4 gene family are associated to multiple
splicing variants. Transcripts variants from PDE4B gene were
found in melanoma (Narita et al., 2007). SLC39A14 gene
(ENSG00000104635) encodes a divalent cation transporter
that control gene transcription, growth, development, and dif-
ferentiation. Alternative splicing of SLC39A14 is involved in
colorectal cancer it is under the control of the Wnt signalling
pathway (Sveen et al., 2012; Thorsen et al., 2011).

Among the genes with validated AS events there is the VCL
gene. It encodes an F-actin binding cytoskeletal protein asso-
ciated with cell—cell and cell-matrix junctions. We found that
the two isoforms VCL-001 (vinculin) and VCL-201 (metavincu-
lin, containing a region encoded an additional exon 19) are
differentially expressed when comparing normal colon mu-
cosa with primary tumour and with metastasis. The opposite
behavior of the two transcripts indicates that the exon 19 skip-
ping tend to increase in cancer cells. Even if much remains to
be discovered concerning the differences in function between
vinculin and metavinculin, it is accepted that the two forms
have differential affinity for diverse ligands and different oli-
gomerisation properties, supporting the biological relevance
of the observed AS event (Thompson et al., 2013).

Furthermore, our findings related to the transcripts
belonging to CALD-1 gene and differentially expressed in
CRC progression are of particular interest. Caldesmon is an
actin-linked regulatory protein, found in smooth muscle and
non-muscle cells, with important functions in cell motility,
including migration, invasion and proliferation. AS events of
caldesmon have already been reported between CRC and
normal colon tissue, probably reflecting the involvement of
AT with specific roles in these important processes (Gardina
etal., 2006; Thorsen et al., 2008). It has also been demonstrated
that caldesmon isoforms, encoded by the CALD-1 gene, are
differentially expressed in tumor tissue and stroma embedded
in colon adenocarcinoma and metastatic tissue (Kohler, 2011).
Specifically, it has been shown, by immunohistochemistry
with three different antibodies against human caldesmon iso-
forms, that the longest h-caldesmon isoform is mainly
expressed in smooth muscle cells and also in pericryptal fibro-
blasts in the colon. In colorectal adenocarcinomas, h-caldes-
mon expression is markedly reduced in large areas of the
stroma and cancer epithelium did not stain for h-caldesmon,;
lymph-node metastases also displayed little h-caldesmon
immunoreactivity of the stroma (Kohler, 2011). Our results
match those of this study, as this long isoforms down-
regulated at both mRNA and protein level (Figures 4 and 5).
As regards the shortest isoforms, the results of exon chips
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were validated at mRNA level (Figure 4), but the antibody we
used could not discriminate among the shortest isoforms,
although an increase could be documented when liver metas-
tases from colon mucosa were compared. It thus appears that
many isoforms of CALD1 are modulated during CRC progres-
sion, although also in this case the significant transition is
from normal tissue to primary tumor.

Considering that AS is a common mechanism used by
more than 95% of human genes, and that AT may play
different roles in many important processes, knowledge of
AT in cancer may have important consequences. In particular,
splice isoforms can be used as markers of tumor progression
and thus may represent the objective of therapeutic interven-
tions targeting a single isoform in a key regulatory pathway, a
set of isoforms, or their regulatory network. Therefore,
research in this field is only beginning to yield results.
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