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ABSTRACT

Cancer is a complex disease that involves aberrant
gene expression regulation. Discriminating the mod-
ified expression patterns driving tumor biology from
the many that have no or little contribution is im-
portant for understanding cancer molecular basis.
Recurrent deregulation patterns observed in multi-
ple cancer types are enriched for such driver events.
Here, we studied splicing alterations in hundreds
of matched tumor and normal RNA-seq samples of
eight solid cancer types. We found hundreds of cas-
sette exons for which splicing was altered in multiple
cancer types and identified a set of highly frequent
altered splicing events. Specific splicing regulators,
including RBFOX2, MBNL1/2 and QKI, appear to ac-
count for many splicing alteration events in multi-
ple cancer types. Together, our results provide a first
global analysis of regulated splicing alterations in
cancer and identify common events with a potential
causative role in solid tumor development.

INTRODUCTION

Alternative splicing (AS), the process by which multiple dis-
tinct mRNAs are formed from a single gene, is a major
source of protein diversity in humans. Current estimations,
based on genome-wide approaches, suggest that more than
90% of human genes undergo alternative splicing (1,2). AS
may alter the function of a given protein in various ways,
including the production of protein variants with opposite
biological functions (3).

Alternative splicing has been implicated in cancer. Many
key proteins associated with tumor biology including pro-
teins with roles in apoptosis, cell cycle regulation, invasion

and metastasis undergo cancer-associated alternative splic-
ing (4–6). In recent years, genome-wide approaches signifi-
cantly extended the number of annotated AS events altered
in cancer, and allowed the discovery of pathways and pro-
grams that are differentially regulated in cancer cells (6–
12). In many of these high throughput studies, a signifi-
cant alteration results from aberrant expression and regu-
lation of splicing factors. These RNA binding proteins tar-
get and specify exon inclusion or exclusion by binding to
splicing enhancer or silencer sequences on the pre-mRNA,
in proximity to or within the alternative exon. For exam-
ple, RBFOX2 is downregulated in ovary and breast cancers,
and dictates many changes in the alternative splicing pat-
tern of these cancers (7,12). Polypyrimidine tract binding
protein (PTB/PTBP1) is overexpressed in ovarian cancer
and gliomas, and has been shown to promote invasive be-
havior through splicing pattern changes in genes related to
cell migration (13–16). SRSF1 (SF2/ASF) can function as a
proto-oncogene, and its overexpression results in transfor-
mation of cell lines. Moreover, it alters the splicing pattern
of cancer-related splicing isoforms of genes associated with
cell motility and proliferation (17,18). As the splicing fac-
tors associated with cancer may have competing effects on
the splicing of specific exons, the ultimate splicing pattern in
cancer is complex and hard to predict (6,19,20). However,
there are specific splice variants that are preferred by cancer
cells, and many of them were shown to have altered splicing
patterns in several tumor types as well as a functional role
in cancer development. For example, the genes MacroH2A,
IGFR, BIN1, PKM, MKNK2, S6K1 and TNC have been
verified to be differentially spliced in cancer, and to have an
important role in tumor initiation and progression (17,21–
32).

Most of the approaches used for global identifica-
tion of cancer-associated splicing events, based on high-
throughput reverse transcriptase-polymerase chain reaction
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(RT-PCR) systems, microarrays and high throughput se-
quencing, were limited to a pre-defined set of splice vari-
ants. In addition, each of these studies mainly focused on
a single cancer type. Furthermore, the number of normal
and tumor samples in most of the studies was small, limiting
the strength of these analyses. To our knowledge, only a few
studies compared altered splicing patterns across different
cancer types. These studies found common altered splicing
patterns and regulation between two or three cancer types
(7,33).

Here, we performed a systematic analysis of 343 matched
tumors comprising eight cancer types, and normal tissues
to characterize alternative splicing alterations, and identi-
fied splice variants that were preferred by several cancer
types. Using de-novo identification of altered cassette ex-
ons, we identified 1188 significantly altered splicing events,
430 (36%) of which were significantly changed in more than
one cancer type. Most of these common splicing events
changed in the same direction (either exclusion or inclu-
sion in tumor versus normal), though some were altered
in opposite directions, mainly when comparing renal clear
cell carcinoma with other types of cancers. Several of the
splicing events that showed a very high rate of alteration in
the same direction either in different cancer types or within
the same cancer were validated in matched tumor and cor-
responding normal tissue taken from various sources; the
vast majority of the splicing events changed in tumor versus
normal tissue according to the prediction from our analy-
sis of the TCGA (The Cancer Genome Atlas) data. In or-
der to identify splicing factors regulating cancer-associated
splicing events, we performed sequence analysis followed by
expression profiling, and found RBFOX2, QKI, PTBP1,
CELF2 and MBNL1/2 splicing activities are strongly as-
sociated with many of the altered splicing events in several
cancer types examined.

MATERIALS AND METHODS

Data preprocessing

TCGA RNA-seq data for eight cancer types (breast inva-
sive carcinoma (BRCA), colon adenocarcinoma (COAD),
kidney renal clear cell carcinoma (KIRC), liver hepatocel-
lular carcinoma (LIHC), lung adenocarcinoma (LUAD),
prostate adenocarcinoma (PRAD), head and neck squa-
mous cell carcinoma (HNSC) and thyroid carcinoma
(THCA)) were downloaded from TCGA data portal as bam
files (34). For uniform alignment parameters, each bam file
was converted back to a Fastq file. Quality estimation was
performed using the Fastqc program. Fastq files that failed
in the ‘Per sequence quality scores’ or the ‘Per base se-
quence quality’ tests were removed from downstream anal-
yses (these tests will fail if (i) the most frequently observed
mean quality of the reads is <20; or (ii) the lower quartile
of the quality at any base in the reads is less than 5 or (iii) if
the median for any base is <20).

Reads alignment

STAR aligner (version 2.3.0) was used to align each file
uniquely to the Hg19 human genome (35). We kept only
uniquely aligned reads, with a minimum splice junction

overhang of five nucleotides (default parameters except out-
FilterMultimapNmax 1, outSJfilterCountUniqueMin 10 2
2 2, outSJfilterCountTotalMin 10 2 2 2, alignSJDBover-
hangMin 5). The vast majority of the junctions identified
(68 998, 99.8%) were canonical junctions (dinucleotides GT
and AG for donor and acceptor sites, respectively), the oth-
ers were non-canonical GC-AG (128, 0.2%).

Identification of altered splicing patterns

The STAR SJ output file, which summarizes all split-
mapping reads supporting exon-exon junctions, was used
to identify altered splicing patterns. Cassette exons were de-
fined by three junctions; two of them supporting exon in-
clusion, and an outer junction with the same boundaries
(upstream junction (UJ) and downstream junction (DJ) and
skipped junction (SJ), respectively. see Figure 1). In order to
exclude detection of false positives, we required each junc-
tion to be supported by a minimum of five reads in at least
one sample of the dataset, and the inner junctions (UJC and
DJC, upstream and downstream junction counts) to have
similar reads counts in all the samples of the dataset ((|UJC
− DJC| < 10 or |UJC − DJC| < 2 × min(UJC,DJC))).

Exon inclusion level (PSI, percent spliced-in) was calcu-
lated for each predicted cassette exon based on the number
of reads supporting UJ, DJ and SJ junctions (Figure 1A). In
order to include only reliable events and accurate PSI levels,
only cassette exons with all three junctions supported by at
least 10 reads (0.5(UJC + DJC) + SJC ≥ 10) in each of at
least 15 matched samples of the each cancer type dataset
were analyzed (highly expressed exons). Wilcoxon paired
test was used to infer significant change in the PSI value be-
tween matched normal and tumor samples from the same
individuals. For each cancer type, differentially expressed
cassette exons were only called as such if both of the follow-
ing conditions were fulfilled (i) false detection rate (FDR) of
0.05, (ii) at least 10% difference in the average PSI level (av-
erage |�PSI| ≥ 10%) between matched normal and tumor
samples.

In order to evaluate the conservation of these exons,
mouse alternative cassette exons were obtained from the
UCSC database and aligned to the Hg19 human genome
using the liftOver utility (minimum 10% unique alignment,
total of 10 413 cassette exons aligned, 88% of all UCSC an-
notated mouse cassette exons). Mammalian conserved al-
ternative exons were obtained from Supplementary Table
S4 of (36). Overlap of these cassette exons with the cancer
altered cassette exons was determined using Bedtools (37).

Bioinformatic analyses

The statistical analysis was done using R (the R Project
for Statistical Computing (http://www.r-project.org/)). All
bioinformatics analyses details are provided in the Supple-
mentary Methods.

RT-PCR analysis of matched normal and tumor samples

Matched normal and tumor samples were obtained from
the Hadassah Medical Center tissue bank, under institu-
tional Helsinki ethical approval. RNA was extracted from

http://www.r-project.org/


5132 Nucleic Acids Research, 2015, Vol. 43, No. 10

Figure 1. Identification of cancer-associated splicing events. (A) Reads
that were gap-aligned to the genome were used to infer cassette ex-
ons.Estimation of the inclusion level (PSI) based on the number of reads
supporting the exon–exon junctions that define the splicing event: UJ (up-
stream junction) and DJ (downstream junction) – reads supporting in-
ner junctions, SJ (skipped junction) – reads supporting skipping junction.
UJC, DJC and SJC are upstream, downstream, skipped junction read
count, respectively. (B) PSI was calculated for each splicing event in all nor-
mal and tumor samples. Statistically significant changes between paired
samples (tumor-normal) from the same individual are defined as cancer-
associated splicing events. FBLN2 exon PSI distribution in breast tumors
and normal samples is shown.

the frozen tissues using metal beads in TRI reagent (Sigma)
in a bullet blender at 4◦C for 5 min. Total RNA (500 ng)
was reverse transcribed using M-MLV reverse transcrip-
tase (Promega). PCR was performed on 1/50 (2 �l) of the
cDNA, in 25 �l reactions containing KAPA2G Fast Hot-
Start DNA Polymerase in a ×2 ReadyMix format with
loading dye (Kapa Biosystems), 0.2 mM of each primer and
8% (v/v) DMSO. PCR conditions were 95◦C for 5 min, then
34 cycles of 94◦C for 15 s, 60◦C for 15 s and 72◦C for 45 s, fol-
lowed by 10 min at 72◦C. PCR products were separated on
1.5% or 2% agarose gels. Normalization was performed us-
ing �-actin. Primers are listed in Supplementary Table S11.

RESULTS

Identification of altered alternative splicing in eight cancer
types

In order to identify frequent and recurrent changes in
the splicing patterns of tumors compared with their cor-
responding normal tissue, we examined poly-A selected
RNA-seq data from eight cancer types from TCGA (34):
BRCA (38), COAD (39), KIRC (40), LIHC, LUAD (41),
PRAD, HNSC and THCA. Using split-mapping reads,
we inferred de-novo cassette exons that were alternatively
spliced in each RNA-seq sample. A skipping event was de-
fined by three inferred exon–exon junctions; two of them
supporting exon inclusion and an outer junction with the
same boundaries (UJ and DJ and SJ, respectively; Figure 1)
(see ‘Materials and Methods’ section). In order to obtain
accurate PSI levels and to avoid false positive detection of
splicing events, we analyzed only predicted cassette exons
that had at least 10 reads supporting exon inclusion or ex-
clusion in each of at least 15 matched samples. Matched
samples were used to enable identification of altered events
that are affected by factors unrelated to the cancer state,
i.e. age, and to attain higher accuracy results. A total of 47
969 highly expressed skipping events comprising of 46 681
cassette exons (several exons have more than two possible
neighbors) were analyzed (Supplementary Table S1). Exon
inclusion level (PSI) was calculated for each of these skip-
ping events (see ‘Materials and Methods’ section). Correla-
tion of PSI values in normal samples was very high (Pearson
correlation >0.95 for all normal samples). This high corre-
lation rate is comparable with the high correlation obtained
for RNA-seq expression experiments (42).

We found 1188 skipping events to be significantly altered
(absolute average PSI change ≥ 10%, FDR = 0.05 using
paired Wilcoxon test) in at least one cancer type (these splic-
ing events included 1173 cassette exons in 860 annotated
genes, Supplementary Figure S1, Supplementary Table S2).
The vast majority of these exons, 1038, were previously
annotated, either as a single exon or multiple consecutive
exons, in either the UCSC (928 exons) or Ensembl (1029
exons) gene databases. Most of the UCSC annotated ex-
ons (80%, 741 exons) were defined as cassette exons in the
UCSC database. These results strongly support the map-
ping quality and validate the filtering processes performed.

Since exon inclusion and global gene expression levels
may be connected by cellular mechanisms such as non-sense
mediated decay (NMD), which can reduce the total expres-
sion of a transcript with a premature termination codon, we
further checked the correlation between the gene expression
level and the exon PSI level. In most cases (more than 70%),
the correlation was weak (correlation coefficient < 0.3), in-
dicating that expression level is probably not the cause for
the altered splicing patterns observed in these cases (Sup-
plementary Table S2).

Reassuringly, 43 exons from these cancer-associated cas-
sette exons were previously identified and validated as sig-
nificantly changed in cancer cells (Supplementary Table S3
and refs. therein). Among these 43, we found splicing events
in the transcripts encoding IGFR, BIN1, RAC1 and TNC,
which were extensively studied and found to exhibit a role
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in either tumorigenesis or cancer progression (22,24,30,43).
Moreover, 84 of the genes encoding the cancer-associated
exons were identified in a previous high throughput RT-
PCR-based study of breast cancer altered splicing (7), and,
as expected, most of these 84 genes (65 of them) were found
here to encode breast cancer-associated cassette exons.

Almost half of the cancer-associated cassette exons
(46.29%, 543 cassette exons) are alternatively spliced in
mouse as well, and 128 of them overlapped a small subset
of cassette exons defined by Merkin et al. as ‘broadly al-
ternative’ exons which are alternatively spliced in mammals
(hypergeometric P-value for the mammals conserved exons
overlap with cancer associated exons < 1e−90) (36). Consis-
tent with being conserved across species, most of the iden-
tified cancer-regulated exons preserved the reading frame
(67.5% in the cancer associated cassette exons versus 46.6%
in the examined highly expressed cassette exons, Chi-square
P-value < 2.2e−16), as previously observed in orthologous
exons alternatively spliced in more than one organism (44).
This significant fraction of conserved alternatively spliced
cassette exons suggests most of the cancer regulated exons
are functional and tightly regulated.

Common cassette exons altered in different cancer types

Notably, many of the exons detected in previous studies
were re-detected here, but in a different cancer type (Supple-
mentary Table S3). Our global analysis reveals that this ob-
servation is very common; more than one-third of the splic-
ing events detected had a significant splicing pattern change
in more than one cancer type (430 out of 1188). This subset
of exons had a higher rate of conserved exons, and 272 of
them (63%, Chi-square P-value < 1e−15) were found to be
alternatively spliced in the mouse. However, 154 cassette ex-
ons changed in a ‘non-coherent’ manner, meaning the direc-
tion of the change was not consistent across different can-
cer types. In most of these non-coherent splicing events, the
change observed in the KIRC samples was in an opposite
direction versus other cancer types, mainly breast, prostate
and lung (BRCA, PRAD and LUAD) samples (Figure 2).
Interestingly, out of 49 events that were altered in a non-
coherent manner in more than three cancer types, 13 ex-
ons were previously found to discriminate between mes-
enchymal and epithelial cell types (out of 41 exons) (45).
None of the events that were altered coherently in more
than three cancer types (36 events) were found to discrim-
inate between mesenchymal and epithelial cell types. This
may either support previous studies suggesting that these
changes reflect the change in the composition of the tissue
(more mesenchymal or epithelial cells) or a true epithelial to
mesenchymal (EMT) or mesenchymal to epithelial transi-
tion (MET) in these types of tumor (46,47). The mesenchy-
mal marker Vimentin (VIM) expression levels also support
a reverse change between BRCA, PRAD, COAD, LUAD
and KIRC (Supplementary Figure S2).

The preference of a specific splice variant by several can-
cer types may indicate that the function of this splice variant
contributes to the malignant phenotype (6). Interestingly,
in our set, one cassette exon was changed significantly in
the same direction in six different cancer types, and nine
cassette exon changes were common to five cancer types

(Table 1/ Supplementary Figure S3). Seven of these cas-
sette exons preserve the reading frame and the other three
are part of the untranslated region, and thus, the resulting
transcripts are likely translated to create functional proteins
that have different regulation in cancer either at the protein
level or the transcript level. To validate these altered splicing
events, we performed RT-PCR of matched normal and tu-
mor samples from BRCA, LUAD and COAD patients. Out
of five tested events, all five displayed the expected altered
splicing pattern in most of the examined samples of each
cancer type (Figure 3, Supplementary Table S4).

The EDB exon of the FN1 gene, whose inclusion was pre-
ferred in six different cancer types, was previously found to
be highly expressed in HNSC, COAD and LIHC. However,
to our knowledge, although it is highly conserved (∼95%
amino acid conservation among 22 different vertebrates),
no significant function has been assigned to its gene prod-
uct to date (48–50).

Another interesting case is Fibulin-2 (FBLN2), an extra-
cellular matrix glycoprotein which is frequently methylated
and downregulated in many cancer types (51–54). We found
exon 9 was preferentially excluded in five different cancer
types (Figure 4A). This exon skipping event was previously
observed in LUAD and nasopharyngeal carcinoma. The
FBLN2 short isoform was suggested to drive malignant pro-
gression in LUAD; however, in nasopharyngeal cancer, op-
posite results were reported (55,56). Since FBLN2 expres-
sion changes significantly in many cancer types, we further
examined the association of the FBLN2 splicing pattern
with its expression levels. The FBLN2 exon splicing pattern
was significantly correlated with the gene expression level in
BRCA, COAD and THCA tumor types; however, no statis-
tically significant correlation was observed for LUAD and
HNSC samples (Figure 4B). These results may indicate that
the regulation of FBLN2 expression and splicing pattern are
probably not related.

Since we expected these positively selected variants may
help promote tumor survival, we further examined the cor-
relation of patient survival with their PSI change. A sta-
tistically significant correlation was observed for AP2B1,
TCF20 and FBLN2 in one or two of the cancer types exam-
ined (Figure 4C). In all of these events, higher changes in
PSI levels predicted lower survival probability, as expected.

As opposed to breast, colon and thyroid adenocarci-
noma, no significant expression change was observed for
FBLN2 in lung adenocarcinoma and it is the only cancer
type in which a significant correlation of PSI change and
cancer survival was observed. Hence, it may be proposed
that although a significant change in splicing was observed
for BRCA, COAD and THCA, the reduced gene expres-
sion of FBLN2 probably has a greater effect on the cancer
phenotype in these cancers. Taken together, FBLN2 results
in lung adenocarcinoma support an important role for this
gene alternative splicing, as previously suggested (55).

Moreover, examination of the exons altered significantly
in four cancer types revealed two exons that were studied
previously and found to have roles in tumorigenesis and tu-
mor progression. The prevalent isoform of the tumor sup-
pressor BIN1 in cancer, which includes exon 12A, causes
the protein to lose its tumor suppressor activity (24), and
the large isoform of tenesin-C (TNC) induces cell migra-
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Figure 2. Common splicing events shared in different cancer types. (A) Bar plot showing the number of common splicing events significantly altered in
2–6 tumor types, blue denotes the number of coherent events, red denotes the number of non-coherent events altered in KIRC, orange denotes the number
of non-coherent events altered in other cancer types. (B) Heatmap of mean PSI value changes (matched tumor – normal) for non-coherent differential
alternative splicing events common to at least four cancer types. Black square denotes no significant alteration was observed for the specified exon in the
specified cancer type.

Table 1. Splicing events altered in the same direction in at least five cancer types

Gene name Cancer types altered significantly
Type of change in
cancer

Preservation of
the reading frame

AP2B1 LIHC, BRCA, LUAD,COAD, HNSC Exclusion +
DEF8 BRCA, LUAD, KIRC, HNSC, COAD Exclusion − (5′ UTR)
EHBP1 LIHC, BRCA, LUAD, COAD, THCA Inclusion +
EPB41L2 BRCA, LUAD, KIRC, COAD, THCA Exclusion + (2 exons)
FN1 (EDB+) LIHC, BRCA, LUAD, KIRC, HNSC, THCA Inclusion +
PARD3 LIHC, BRCA, LUAD, KIRC, HNSC Exclusion +
RPS24 LIHC,BRCA, LUAD, HNSC, COAD Exclusion − (3′ UTR)
VPS29 LIHC,BRCA, LUAD, KIRC, THCA Inclusion +
FBLN2 BRCA, LUAD, HNSC, COAD, THCA Exclusion +
TCF20 LIHC, BRCA, LUAD, KIRC, THCA Exclusion − (3′ UTR)

tion and was suggested to protect cancer cells from immune
surveillance (57,58).

As three of the proteins mentioned above are secreted ex-
tracellular proteins, we further examined, using the String
database, if they interact with one another (59). Indeed,
FN1 interact with both FBLN2 and TNC. This may indi-
cate that the cancer associated variants of these extracel-
lular matrix proteins influence the same properties of the
extracellular matrix.

FBLN2, BIN1, FN1 and TNC examples suggest that the
variants that are altered in the same direction in several can-
cer types have significant roles in tumor initiation and pro-
gression. Together, these results suggest that similar splicing
programs are regulated in different cancer types.

Cancer splicing markers

Splicing events that give advantage to a specific cancer type
tend to recur in many patients. Hence, the identification of a

pronounced and consistent splicing event in a single cancer
type may indicate its importance to the cancer phenotype.
To find such events, we filtered for exons whose splicing pat-
tern was changed consistently (|�PSI| ≥ 10%) in more than
90% of the examined matched samples (in which the vari-
ant is highly expressed) in each cancer type. This resulted
in 31 cassette exons with altered splicing in the vast major-
ity of the tumors compared with the corresponding normal
samples (Table 2). In most of these events, the mean PSI
change is > 25%, which marks them as good candidates
for biomarkers for the related tumor type. Indeed, exon 9
inclusion of the NUMB gene was previously found to be
highly prevalent in NSCLC (10). Notably, two cassette ex-
ons that were altered significantly in more than four cancer
types were also found among these consistently altered cas-
sette exons; exon 9 of the gene FBLN2, and the EDB exon of
the gene FN1. This further supports their role in the cancer
phenotype and their preference by a high percentage of tu-
mors regardless of the cancer type. Moreover, two splicing
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Figure 3. Validation of recurrent alternative splicing changes across patients from three types of cancer. Altered splicing events for genes shown in the figure
were examined by RT-PCR analysis. (A) Matched breast tumors and the corresponding normal breast tissue of four breast cancer patients; (B) matched
colon tumors and the corresponding normal colon tissue of five colon cancer patients and (C) matched lung tumors and the corresponding normal lung
tissue of five lung cancer patients. �-Actin expression is shown as a control for sample recovery and loading. Upper PCR bands, exon inclusion; lower
bands, exon exclusion products. Splicing events that were examined in additional cancer type (other than the predicted) are indicated by an asterisk. The
predicted pattern of change was observed in most of the samples examined (see Supplementary Table S4 for summary).
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Figure 4. Common similarly altered exons in five cancer types. (A) Box plot of PSI levels of FBLN2 in tumor and normal samples in five cancer types.
(B) Scatter plot of FBLN2 PSI levels versus the normalized counts calculated using the DEseq package (90) in five cancer types. Red dots denote tumor
samples, blue dots denote normal samples. (C) Kaplan–Meier curve of splicing events altered in at least five tumor types that showed statistically significant
change between groups of lower and higher inclusion changes (see ‘Materials and Methods’ section); AP2B1 in BRCA dataset, AP2B1 in LUAD dataset,
FBLN2 in LUAD dataset and TCF20 in KIRC dataset.
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factors, MBNL1 and PTBP2, were also found to be consis-
tently altered in THCA and COAD respectively, suggesting
a feedback loop of the splicing regulation.

We validated three additional specific splicing events
found in BRCA, LUAD and COAD cancer types using
RT-PCR. Thus, in total six splicing markers were validated
(splicing events encoded by the genes FBLN2 and WDFY3
for the BRCA dataset, MBNL1, EPB41L2 and FBLN2 for
the COAD dataset and SCEL for the LUAD dataset, Fig-
ure 3 and Supplementary Table S4). All of the examined
events changed in the same direction in the vast majority
of the tissues tested as determined by our RNA-seq anal-
ysis. The high validation rate by this independent method
and independent sample set further supports these results,
although only a small number of matched samples for each
cancer type were used.

Gene function analysis of cancer associated splice variants

Previous studies have shown that in many cases of differen-
tial splicing events, the genes involved are related, and are
part of a large network that is controlled by specific splic-
ing factors (9,60,61). In order to identify related function-
ality of the differentially spliced genes, we applied network-
based analysis for each cancer type. High enrichment of
genes related to cytoskeletal organization, cell–cell adhe-
sion and cell movement was observed in most of the ex-
amined cancer types (Supplementary Figure S4 and Table
S5). Moreover, as expected, genes related to cancer were
also enriched in most of the cancer types. In all of the can-
cer types examined, we found enrichment of genes related
to ‘microtubule dynamics’ and ‘formation of cellular pro-
trusions’ (FDR < 0.05, Supplementary Figure S4). Similar
functional enrichment was demonstrated in previous stud-
ies for BRCA, ovary and COAD cancer types (7,8). Hence,
our results support a similar role for alternative splicing in
the vast majority of the examined tumor types.

Identification of regulatory motifs

Splicing factors are known to control the inclusion or exclu-
sion of large subsets of exons (7,45,60,62). The high number
of splicing event alterations and the common altered splic-
ing events between different cancer types suggest altered ac-
tivity of splicing factors. To find common splicing factor
regulation, we searched for regulatory elements in the se-
quences within and around the altered exons. We applied
a naı̈ve approach and searched for enrichment of k-mers
(4–6 nt) within each altered cassette exon and in the ad-
jacent 250 nt of the flanking introns. Since many splicing
factors regulate differently exons found upstream or down-
stream to their binding motifs, the flanking introns analysis
was divided to exons that are either included or excluded
in each cancer type. No splicing factor signature was found
within the exons. We found a significant enrichment of con-
sensus binding sites of PTB, CELF, RBFOX and MBNL
in the upstream introns, and RBFOX, QKI and MBNL in
the downstream introns flanking the cancer associated cas-
sette exons in more than one cancer type (FDR = 0.01) (63–
71). These splicing factors were related to cancer in previous
studies (7,12,16,21,25,46,62). In most of the cancer types,

the motif that flanked excluded or included exon was found
in the same position relative to the regulated exon, indicat-
ing a similar change of expression for the splicing factor in
these cancers. The results of the analysis are summarized in
Figure 5A, and Supplementary Tables S6–S9. In addition,
we found a high overlap between exons that had a RBFOX
motif in their flanking introns, and those with a QKI mo-
tif in their flanking introns (Figure 5B, hyper-geometric P-
value = 0.004). This supports a recent study suggesting that
QKI and RBFOX regulate common splicing targets (46).
Together, these results suggest that common splicing factors
regulate many of the altered splicing events in at least three
of the cancer types examined.

Conservation analysis of the most enriched motifs, QKI
and RBFOX motifs (ACUAAC and UGCAUG) in the
downstream introns, revealed these motifs were more con-
served in the introns flanking the cassette exons that were
altered in cancer relative to the cassette exons that were not
altered. Also, the mean conservation score of the motif posi-
tions was significantly higher compared with the score of the
flanking sequences (Figure 5C and D). The increased con-
servation at the motif region of the altered cassette exons in
cancer suggests a primary role for these splicing factors in
regulation of gene expression.

Splicing factors’ expression is altered in several cancer types

Next, we further examined the expression profile of the
splicing factors whose motifs were highly enriched in the
previous section. For this, we applied DEseq analysis on
all tumor and normal RNA-seq samples (including sam-
ples without a matched pair, Supplementary Table S1) and
determined differential expression of these genes in all the
cancer types examined; the differentially expressed genes
are summarized in Table 3 and Supplementary Table S10.
As expected, an expression change was observed for each
member of the group of RNA-binding proteins that was re-
lated to the motifs found, namely RBFOX2, QKI, CELF2,
MBNL1, MBNL2 and PTBP1.

Opposite trends of expression changes were observed for
QKI, MBNL1 and CELF2 in the KIRC compared to other
cancer types (upregulation in KIRC versus downregulation
in other cancer type). This may explain part of the inconsis-
tent PSI changes we observed.

Most of the expression changes found were in agreement
with the PSI change observed in cancer samples and the rel-
ative position of the motif. MBNL1/2, RBFOX2 and QKI
were downregulated in most of the cancer types and, as ex-
pected, their motifs were enriched in these cancer types up-
stream to exons with higher exclusion and downstream to
exons with higher inclusion in cancer (62,72–75). PTBP1
was upregulated in BRCA and its motif was enriched up-
stream to exons with lower inclusion and downstream to ex-
ons with higher inclusion in cancer (66).Together, these re-
sults suggest that cancer associated splicing alterations are,
in some of the cancers examined, a result of changes in the
expression of splicing factors.
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Table 2. Potential splicing markers

Cancer type Gene name #match samples examined Average PSI change % samples changed

BRCA FBLN2 95 −53% 99%
BRCA ABI3BP 53 −44% 100%
BRCA WDFY3 21 42% 100%
KIRC GOLGB1 30 −28% 93%
KIRC SLC28A1 16 −27% 94%
KIRC EPB41 50 −28% 92%
KIRC ARHGEF11 48 −31% 91%
KIRC CCDC50 61 −25% 90%
KIRC SYK 46 47% 91%
THCA PTBP2 22 −29% 95%
THCA FBLN2 35 −36% 97%
HNSC LMO7 22 42% 90%
HNSC FN1 25 25% 92%
HNSC FBLN2 27 −40% 100%
COAD ATP2B4 15 −52% 100%
COAD EHF 15 −23% 93%
COAD PPP1R13B 17 −25% 94%
COAD CD44 18 46% 100%
COAD FBLN2 15 −53% 93%
COAD ASAP2 18 −28% 94%
COAD SMTN 18 31% 94%
COAD LRRFIP2 18 −41% 94%
COAD MBNL1 17 37% 100%
COAD EPB41L2 17 −33% 100%
COAD FLNA 18 34% 94%
LIHC USO1 26 −44% 96%
LUAD PTS 36 24% 92%
LUAD SCEL 28 80% 100%
LUAD NUMB 36 36% 94%
LUAD FN1 36 19% 92%
LUAD VEGFA 36 −30% 97%
LUAD MYO6 36 −33% 100%
LUAD ESYT2 36 41% 97%
LUAD CEACAM1 27 −41% 93%
LUAD LIMCH1 23 −32% 91%

Splicing events with at least 10% PSI change in least 90% of the samples in the cancer type (in which they are highly expressed) are defined as potential
splicing markers.
Cancer types are defined in Table 1.

Table 3. Altered expression of RBFOX2 and QKI in different cancer types

Splicing factor BRCA COAD PRAD LUAD KIRC

RBFOX2 0.65 (0.007) 0.71 (0.01) 0.74 (0.04) - -
QKI 0.46 (6.29e-06) 0.51 (7.13e-05) 0.71 (0.021) 0.41 (1.77e-12) 1.32 (0.036)

Cancer types are defined in Table 1.

Correlation between recent RBFOX2 and QKI knockdown
experiments and splicing patterns of their targets in tumor
samples

In order to further establish the association of QKI and
RBFOX2 with the cancer types examined, we compared
the mean PSI changes (all tumors vs. normal samples) in
each cancer type with the change in PSI in recently pub-
lished knockdown and ectopic expression experiments eval-
uated by either RNA-seq or qPCR (46,62,76). As expected,
a strong positive correlation was observed between mean
PSI changes in BRCA, LUAD and PRAD and RBFOX2
knockdown PSI changes, while negative correlation was
found between mean PSI changes in BRCA and LUAD
and the PSI changes in RBFOX2 ectopic expression exper-
iments Figure 6A and Supplementary Figure S5A). No sig-
nificant correlation was observed in other cancer types.

The same comparison with QKI knockdown revealed
statistically significant correlations in all the cancer types
examined in the RNA-seq experiment and in five of the
cancer types examined in the qPCR experiment (Figure
6B and Supplementary Figure S5B). Positive correlation
was observed in BRCA, LUAD, PRAD, COAD, THCA
and LIHC, while negative correlation was observed for the
KIRC and HNSC.

Since both values compared are derived from average
mean values of different tissue samples, tissue/cell types,
and state (in vivo versus in vitro), it is likely that these cor-
relations under represent the actual level of association be-
tween these splicing factors and the examined cancer type.
Moreover, many of the splicing events examined here are
regulated by both QKI and RBFOX2, and a common ef-
fect may also affect these associations. Nevertheless, these
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Figure 5. Motif enrichment and conservation in introns flanking cancer altered cassette exons in several cancer types. (A) Splicing factor binding motifs
were enriched upstream and downstream of the cancer associated exon. The P-values were calculated using the hypergeometric test. Enriched motifs were
found within 250 nt flanking the exon. In case of several motifs associated with a certain splicing factor, the FDR value presented is the lowest (most
significant) one. Small differences in the x-axis within the upstream and downstream introns are intended for symbol clarity only. (B) Venn-diagram of the
exons whose flanking introns contain QKI and RBFOX motifs. (C and D) Mean conservation (PhastCons) score versus motif position of (C) ACTAAC
motif, and (D) TGCATG motif. Position 0 indicates the middle position of the motif. Red line denotes conservation mean for cassette exons altered in
cancer that include the motif within their flanking introns (altered CE), blue line denotes conservation mean of highly expressed cassette exons that were
not altered in cancer but include the motif in their flanking introns (Background).

results further support the association between QKI and
RBFOX2 and alternative splicing in the indicated cancers.

DISCUSSION

We performed a comprehensive analysis of significant and
recurrent alternative splicing alterations in eight human
cancer types using TCGA RNA-seq data from matched
tumor and normal samples. We show that many of these
events are shared among different cancer types; our data
also suggest that specific splicing factors, namely RBFOX2,
QKI, MBNL1/2, PTBP1 and CELF2 are probably respon-
sible for many of the alterations detected in these cancer
types.

Using our unbiased approach, no prior knowledge about
gene structure was used, we were able to detect >100 pre-
viously non-annotated cassette exons. It is likely that these
unannotated exons represent true exons as 51% of them
have a typical size of one exon (smaller than 250 nt, 69 ex-
ons) and of these, the length tends to be a multiple of three
(45%, more than the expected 1/3).

Our functional analysis reveals that many of these cancer-
associated splicing events are functionally related, and asso-
ciated with cytoskeletal organization and cell–cell adhesion.
This supports a network of splicing variants regulated by
specific splicing factors as previously studied in other tissues
(60,61). However, it is still not clear which of these events are
‘drivers’, that play a direct role and support cancer initiation
and progression, and which events are only ‘passengers’ that
have little or no role in cancer biology, and were probably
altered by the same splicing factors that affect the drivers.
Since we analyzed various cancer types and many samples
in each type, we were able to identify frequently recurring
events that also exhibited the same pattern of change within
and between cancer types. These events are good candidates
for actively selected variants that may drive cancer. The re-
sults of our analyses revealed a very high frequency of al-
tered splicing in the FBLN2 and FN1 genes. These proteins
are extracellular proteins that interact with one another and
may influence the same extracellular characteristics (77).
Thus, the changes we identified in alternative splicing of
these genes are appealing potential diagnostic markers for
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Figure 6. Correlation between RBFOX2 and QKI knockdown experiments and cancer splicing pattern changes. Scatter plot showing mean differences
in PSIs of each cancer type of tumor versus normal samples and mean differences in PSIs of (A) RBFOX2 and (B) QKI; knockdown (46) versus control
treatments.

Table 4. Summary of QKI and RBFOX2 results shown in this study

Tissue QKI motif
QKI expression
change

QKI KD
correlation
(+ positive,
- negative) RBFOX motif

RBFOX2
expression change

RBFOX2 KD
correlation
(+ positive,
- negative)

BRCA + Downregulation + + Downregulation +
PRAD + Downregulation + + Downregulation +
LUAD + Downregulation + + +
KIRC + Upregulation - +
COAD + Downregulation + + Downregulation
LIHC +
HNSC - +
THCA +

Cancer types are defined in Table 1.
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tumor initiation in several cancers, and FBLN2, AP2B1 and
TCF20 are also good prognostic markers for patient sur-
vival in breast, lung, and kidney cancers, respectively (Fig-
ure 4). Taken together, it is likely that splicing changes in
FN1, FBLN2, AP2B1 and TCF20 are also drivers of can-
cer initiation and progression, which still needs to be deter-
mined functionally.

Many splicing events were altered in opposite directions
in different cancer types, and most of them exhibited oppo-
site inclusion level changes between KIRC and all the other
cancer types. This opposite splicing regulation in KIRC,
may result –in part- from the opposite change in level of
expression of QKI, MBNL1 and CELF2 that we detected
in KIRC compared to other cancer types. Moreover, these
non-coherent events included many splicing events that
are known to differ in epithelial versus mesenchymal cells.
Hence, the reason for non-coherent alteration between dif-
ferent cancers may stem from either opposite transition in
different cancer types (EMT versus MET) or different com-
position of the tumor versus the normal tissue as a result
of different tissue of origin, as previously suggested (45–
47,78). Indeed, EMT transition was found to occur in re-
nal clear cell carcinoma (79,80). It should be noted that
although these events are regulated differently in different
cancer types, some of them, for example, the RAC1 variant,
were previously shown to have a role in cancer transforma-
tion and progression (43,81).

Identification of alternative splicing patterns requires a
higher level of expression than identification of differen-
tially expressed genes, and in many cases, one of the vari-
ants analyzed is expressed at a low level. Hence, many of
the events previously identified using qRT-PCR, which is
a more sensitive method (7), were not detected here. Our
statistical analysis is highly influenced by the number of
matched samples used, and thus, a greater number of signif-
icantly altered splicing events are expected as the number of
samples increases. Thus, it is probable that the phenomenon
we have identified here is more abundant, and the examples
we detected reflect only a small portion of the actual shared
splicing programs in cancer.

Our results suggest that several common splicing factors
are responsible for the regulation of the pattern of splic-
ing changes in different cancer types. Our data support a
prominent regulatory role for RBFOX2 and QKI as well
as PTBP1, MBNL1/2 and CELF2 in at least three differ-
ent cancer types (QKI and RBFOX2 results are summa-
rized in Table 4). These results extend recent studies es-
tablishing the role of RBFOX2, QKI and PTBP1 in can-
cer (7,12,16,62). However, we did not detect all the splicing
factors that were shown to influence cancer-regulated splic-
ing, due either to the fact that they have degenerate motifs
that were missed in our analysis, or do not regulate a large
number of highly expressed splicing events. Interestingly,
some of the splicing factors we identified were previously
shown to have common targets (9,46,82,83). Moreover, RB-
FOX2 was suggested to alter the splicing of the genes en-
coding QKI and PTBP1 (74). Taken together, it is likely
that these splicing factors work together on a common pro-
gram, and also regulate one another as part of this program.
Since MBNL, QKI, RBFOX and PTBP motifs were recently
found to be enriched in introns flanking cassette exons that

are associated with ES-cell differential splicing (84), and
QKI, PTBP1, MBNL1, CELF and RBFOX2 were shown to
regulate differentiation in several different cell types (82,85–
89), it may be postulated that altered expression of these
proteins promote dedifferentiation and proliferation in dif-
ferentiated cells as was shown for MBNL proteins (84).

Our study provides a global comparison of splicing pat-
tern alteration and regulation in eight solid cancer types.
Using TCGA data, we generated a basic catalog of splic-
ing events associated with cancer in primary tumors in
an unprecedented number of cancer types and in matched
tumor-normal samples. Identifying cancer-regulated splic-
ing events complements global expression profiling, and
describes another layer of regulation that should be ex-
plored further. Our results can provide the basis for such
follow-up studies designed for identification of splicing-
based diagnostic/prognostic biomarkers and therapeutic
targets for either one or several cancer types. Some of
the common cancer-regulated alternative splicing events we
identified in genes such as FN1, FBLN2, AP2B1 and TCF20
are most likely oncogenic drivers. Thus, modulation of their
splicing by splice-site competing antisense oligonucleotides
might be developed as a cancer therapy. Moreover, since
common regulation was observed in several of the exam-
ined tumor types, deeper examination of the network effect
of these splicing factors may help in obtaining a clearer un-
derstanding of cancer-altered splicing programs and splic-
ing regulation in cancer.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.

ACKNOWLEDGEMENTS

We thank Gideon Rechavi, Yarden Opatowsky, Keren Lev-
anon, Schraga Schwartz and Amit Tzur for helpful discus-
sions; Gilad Finkelstein and Nurit Paz-Yaakov for han-
dling the data; Zahava Kluger for critical reading of the
manuscript; Moria Gidoni and Jasmine Jacob for assis-
tance with analyses. Miri Danan-Gotthold is grateful to
the Azrieli Foundation for the award of an Azrieli Fellow-
ship. The results published here are in whole based upon
data generated by the TCGA Research Network: http://
cancergenome.nih.gov/.

FUNDING

European Research Council [311257]; I-CORE Program of
the Planning and Budgeting Committee and the Israel Sci-
ence Foundation [41/11 and 1796/12]. Funding for open ac-
cess charge: European Research Council [311257]; I-CORE
Program of the Planning and Budgeting Committee and the
Israel Science Foundation [41/11 and 1796/12].
Conflict of interest statement. None declared.

REFERENCES
1. Wang,E.T., Sandberg,R., Luo,S., Khrebtukova,I., Zhang,L.,

Mayr,C., Kingsmore,S.F., Schroth,G.P. and Burge,C.B. (2008)
Alternative isoform regulation in human tissue transcriptomes.
Nature, 456, 470–476.

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv210/-/DC1
http://cancergenome.nih.gov/


5142 Nucleic Acids Research, 2015, Vol. 43, No. 10

2. Pan,Q., Shai,O., Lee,L.J., Frey,B.J. and Blencowe,B.J. (2008) Deep
surveying of alternative splicing complexity in the human
transcriptome by high-throughput sequencing. Nat. Genet., 40,
1413–1415.

3. Stamm,S., Ben-Ari,S., Rafalska,I., Tang,Y., Zhang,Z., Toiber,D.,
Thanaraj,T.A. and Soreq,H. (2005) Function of alternative splicing.
Gene, 344, 1–20.

4. Venables,J.P. (2004) Aberrant and alternative splicing in cancer.
Cancer Res., 64, 7647–7654.

5. Liu,S. and Cheng,C. (2013) Alternative RNA splicing and cancer.
Wiley Interdiscip. Rev. RNA, 4, 547–566.

6. David,C.J. and Manley,J.L. (2010) Alternative pre-mRNA splicing
regulation in cancer: pathways and programs unhinged. Genes Dev.,
24, 2343–2364.

7. Venables,J.P., Klinck,R., Koh,C., Gervais-Bird,J., Bramard,A.,
Inkel,L., Durand,M., Couture,S., Froehlich,U., Lapointe,E. et al.
(2009) Cancer-associated regulation of alternative splicing. Nat.
Struct. Mol. Biol., 16, 670–676.

8. Gardina,P.J., Clark,T.A., Shimada,B., Staples,M.K., Yang,Q.,
Veitch,J., Schweitzer,A., Awad,T., Sugnet,C., Dee,S. et al. (2006)
Alternative splicing and differential gene expression in colon cancer
detected by a whole genome exon array. BMC Genomics, 7, 325.

9. Shapiro,I.M., Cheng,A.W., Flytzanis,N.C., Balsamo,M.,
Condeelis,J.S., Oktay,M.H., Burge,C.B. and Gertler,F.B. (2011) An
EMT-driven alternative splicing program occurs in human breast
cancer and modulates cellular phenotype. PLoS Genet., 7, e1002218.

10. Misquitta-Ali,C.M., Cheng,E., O’Hanlon,D., Liu,N., McGlade,C.J.,
Tsao,M.S. and Blencowe,B.J. (2011) Global profiling and molecular
characterization of alternative splicing events misregulated in lung
cancer. Mol. Cell. Biol., 31, 138–150.

11. Germann,S., Gratadou,L., Dutertre,M. and Auboeuf,D. (2012)
Splicing programs and cancer. J. Nucleic Acids, 2012, 269570.

12. Lapuk,A., Marr,H., Jakkula,L., Pedro,H., Bhattacharya,S.,
Purdom,E., Hu,Z., Simpson,K., Pachter,L., Durinck,S. et al. (2010)
Exon-level microarray analyses identify alternative splicing programs
in breast cancer. Mol. Cancer Res., 8, 961–974.

13. Jin,W., Bruno,I.G., Xie,T.-X., Sanger,L.J. and Cote,G.J. (2003)
Polypyrimidine tract-binding protein down-regulates fibroblast
growth factor receptor 1 alpha-exon inclusion. Cancer Res., 63,
6154–6157.

14. He,X., Pool,M., Darcy,K.M., Lim,S.B., Auersperg,N., Coon,J.S. and
Beck,W.T. (2007) Knockdown of polypyrimidine tract-binding
protein suppresses ovarian tumor cell growth and invasiveness in
vitro. Oncogene, 26, 4961–4968.

15. Babic,I., Sharma,S. and Black,D.L. (2009) A role for polypyrimidine
tract binding protein in the establishment of focal adhesions. Mol.
Cell. Biol., 29, 5564–5577.

16. Cheung,H.C., Hai,T., Zhu,W., Baggerly,K.A., Tsavachidis,S.,
Krahe,R. and Cote,G.J. (2009) Splicing factors PTBP1 and PTBP2
promote proliferation and migration of glioma cell lines. Brain, 132,
2277–2288.

17. Karni,R., de Stanchina,E., Lowe,S.W., Sinha,R., Mu,D. and
Krainer,A.R. (2007) The gene encoding the splicing factor SF2/ASF
is a proto-oncogene. Nat. Struct. Mol. Biol., 14, 185–193.

18. Anczuków,O., Rosenberg,A.Z., Akerman,M., Das,S., Zhan,L.,
Karni,R., Muthuswamy,S.K. and Krainer,A.R. (2012) The splicing
factor SRSF1 regulates apoptosis and proliferation to promote
mammary epithelial cell transformation. Nat. Struct. Mol. Biol., 19,
220–228.

19. Grosso,A.R., Martins,S. and Carmo-Fonseca,M. (2008) The
emerging role of splicing factors in cancer. EMBO Rep., 9, 1087–1093.

20. Licatalosi,D.D. and Darnell,R.B. (2010) RNA processing and its
regulation: global insights into biological networks. Nat. Rev. Genet.,
11, 75–87.

21. Novikov,L., Park,J.W., Chen,H., Klerman,H., Jalloh,A.S. and
Gamble,M.J. (2011) QKI-mediated alternative splicing of the histone
variant MacroH2A1 regulates cancer cell proliferation. Mol. Cell.
Biol., 31, 4244–4255.

22. Frasca,F., Pandini,G., Scalia,P., Sciacca,L., Mineo,R., Costantino,A.,
Goldfine,I.D., Belfiore,A. and Vigneri,R. (1999) Insulin Receptor
Isoform A, a Newly Recognized, High-Affinity Insulin-Like Growth
Factor II Receptor in Fetal and Cancer Cells. Mol. Cell. Biol., 19,
3278–3288.

23. Brinkman,B.M.N. (2004) Splice variants as cancer biomarkers. Clin.
Biochem., 37, 584–594.

24. Ge,K., DuHadaway,J., Du,W., Herlyn,M., Rodeck,U. and
Prendergast,G.C. (1999) Mechanism for elimination of a tumor
suppressor: Aberrant splicing of a brain-specific exon causes loss of
function of Bin1 in melanoma. Proc. Natl. Acad. Sci. U.S.A., 96,
9689–9694.

25. Clower,C. V, Chatterjee,D., Wang,Z., Cantley,L.C., Vander
Heiden,M.G. and Krainer,A.R. (2010) The alternative splicing
repressors hnRNP A1/A2 and PTB influence pyruvate kinase
isoform expression and cell metabolism. Proc. Natl. Acad. Sci. U. S.
A., 107, 1894–1899.

26. David,C.J., Chen,M., Assanah,M., Canoll,P. and Manley,J.L. (2010)
HnRNP proteins controlled by c-Myc deregulate pyruvate kinase
mRNA splicing in cancer. Nature, 463, 364–368.

27. Dueck,M., Riedl,S., Hinz,U., Tandara,A., Möller,P., Herfarth,C. and
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