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Abstract
In cancer, several alterations driving cell transformation including: imbalances DNA,
changes in gene expression as well as protein diversity. The transcriptional regulation
is finely driving and controlled by a large number of molecules, including: SR proteins,
hnRNPS, RNA, DNA, histones methylation, among others. However, in cancer the regulation is altered. It is little kwon regulations causing alternative splicing in healthy and
human diseases. The alternative splicing plays an important role in the generation of diversity of transcripts its proteins resulting. The aberrant transcripts variants expressed in cancer have shown a great potential as biomarkers or therapeutics targets. In this manuscript,
we showed the basic in alternative splicing and a simple method using available data for
detection alternative transcripts expressed in the tree most common human cancer.
Keywords: alternative splicing, breast cancer, prostate cancer, gene expression,
molecular markers

1. Introduction
The molecular biology of cancer is not completely understood. The human transcriptome
is an important molecule that to be used as molecular marker, because the RNA is fractionated in coding and non-coding and the functions, locations and structure are very variables.
However, in cancer is little known complexity of the transcriptome. In this chapter, we focused
in the showed the landscape of the post-transcriptional modifications (RNA splicing), data
mining and identification of alternative splicing of available microarray data. We think that
splicing and alternative splicing is machinery that is high modified in cancer and the changes
in the disease could play a very important role in the diagnosis and prognosis.
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2. RNA splicing
The gene expression is orchestrated by means of great interaction of molecules including: SR
proteins, hnRNPS, RNA, DNA, histones methylation, among others. The RNA is a fundamental molecule for the life. Recent studies have shown that the human transcriptome is fractionated in coding and non-coding RNA. Interestingly, the coding RNA is representing for
only 2% of the human transcriptome and the remains is non-coding RNA, suggesting large
versatility to generate protein diversity. The pre-RNA is matured by several events include,
addition of a poly (A) tail in the 3′, 5′m7G cap in endings and RNA splicing; those modifications conferring RNA stability, transport efficiency to the cytoplasm, among others.
The RNA splicing involves several steps and includes specific signals that delimited intronic
and exonic sequences (splice site, SS), and sequences that help to exon skipping such as:
intronic splicing enhancer (ISE), intronic splicing silencer (ISS), exonic splicing enhancer
(ESE) and exonic splicing silencer (ESS) [1]. In addition, five small nuclear ribonocleoproteins
(snRNP; U1, U2, U4, U5 y U6) and more than 150 additional co-factors that contributing to
splicing [2, 3].
Basically, four signals that include: branch point, polypyrimidine tract, splice site 5′ and splice site
3′ [4–6]. Moreover, sequential steps that confer topological changes between RNA and snRNPs
forming E complex, A complex (ATP dependent), B complex and finally C complex or spliceosome, which is the catalytic complex [7]. Additionally, the RNA could be subjected to alternative
exon skipping by means of alternative splicing AS. The AS is processed using the basic machinery of splicing, and SR and hnRNPs plays an essential role for alternative exon skipping.
The coding RNA is represented by ~25,000 genes, however, more than 300,000 transcripts
have been reported [8, 9]. The difference between genes and transcripts is probability by alternative splicing (AS) regulation. Actually, we know that more than 80% of RNA coding are
subjected to AS, promoting a great diversity of mRNA and consequently proteins. For example, in Drosophila melanogaster, the gene Down Syndrome Cell Adhesion Molecule (Dscam)
could generate more than 38,000 different mRNAs by means of alternative splicing [10]. These
findings showed the importance of AS for the biology of the cell.
On the other hand, the long non-coding RNAs (lncRNAs) also could be subject to alternative
splicing. However, the diversity of lncRNAs transcripts has been poorly studied. It is thought
that AS in lncRNAs could be implicated in several regulatory processes, mainly mediated
RNA-RNA, RNA-DNA and RNA-Proteins interaction. All possibility interaction, probability
could increase the complex regulatory process.
We will focus in coding RNA. The coding RNA only is representing for ~2% of total RNA. It
is known that in eukaryotic cell there are more events of AS than another organism [11, 12].
Among AS patters we found alternative promoters, exon skipping, intron retention, mutually
exclusive exons, exon scrambling, Alternative 5′ splice site, alternative 3’splice site, alternative polyadenylation [4]. Interestingly, the proteins product of AS could change their native
functions. In several human diseases, the AS contributes to diverse cellular process including:
cell proliferation, migration, adhesion, metastasis, among others [9, 13–16]. The transcripts
subject to AS and their product could be used as molecular markers and therapeutics targets,
because only it is expressed in the disease or its expression is increase [11, 17–19].
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3. Alternative splicing and diseases
The AS is regulated by large number of proteins/non-coding RNAs/DNA and large complex
network interactions among them provide the perfect capacity of cell regulation. In addition, the posttranscriptional regulation is orchestrated so finely that the cells have capacity to
response rapidly before a stimulus and the cell adjust their proteome. Additionally, the cell is
exposed daily to several toxics agents, UV radiation, promoting vulnerability to mutations and
misregulation. Particularly, the mutations plays an important role in aberrant AS that cause diseases especially neuromuscular, neurodegenerative and multifactorial diseases as cancer [20].
Three sequences are extremely important for RNA processing and mature, the 5′, 3′ splice site;
5′, 3′ introns end and the branch point sequence, which is usually located at ~40 upstream of
3’splice site, because contain the specific sequences of recognition by spliceosome for precise
exon joining [21]. However, mutations in those sites disrupt the correct spliceosome assembly. Approximately 10% of genetic diseases are cause by point mutations that disrupt the
interaction between RNA and spliceosome [22, 23].
The class mutation and locations in the genome, contributing to different variants of AS such as:
exon skipping, exon retention, alternative 5′ and 3′, among others. The severity of the disease
could be represented by intensity of expression of the mutate gene, for example: In spinal muscular atrophy (SMA) the SMN2 gene has C → T change in the exon 7, this change promotes an
exon skipping (SMN∆7) and their expression is proportionally mayor ~80% than ~ 20% in the
healthy. Other case is in Duchenne muscular dystrophy (DND), in the dystrophin gene there is
a substitution of T → A in the exon 31, promoting this exon skipping. In cystic fibrosis, the exclusion of the exon 9 in CFTR modifying the severity of the disease. In the Peutz-Jeghers syndrome
the alternative transcript of LBK1 is expressed as consequence of change IVS2 + 1A > G [24].

4. Alternative splicing and cancer
In cancer, several alterations are involved to cell transformation, recently studies have
showed that the AS plays an important role in cancer development, because change the
transcriptomics and consequently the proteome; contributing to cell transformation [19, 25].
However, there are few studies focused on the identification of transcripts variants in cancer.
Computational studies in cancer derived of expression sequence tags has showed that the AS
in cancer was slightly lower in tumors than normal tissues [26]. The question is what is the difference between AS in cancer tissues and normal tissues? The aberrant transcripts expressed
in cancer have shown a great potential as biomarkers or therapeutics targets. In breast cancer,
CD44 gene can to transcribe seven alternate transcripts; the transcript variants five and seven
have been involved in diverse pathologies, but the transcript six only is expressed in metastatic cancer and tumorigenic cell lines. These finding suggesting that an alternative transcript
six of CD44 could play role in metastasis process [27, 28]. The BRCA1 has been involved in
diverse types of cancer, in breast malignancies the mutation c.591C > T is implicated in skipping of exon 18 in BRCA1 transcript, the mutation constitute an important prognostic factor
in familiar breast and ovarian cancer [29]. In gastric cancer, the KIT gene has a deletion of ~40
nucleotides, this cleavage promotes aberrant AS and loss of functional protein resulting [30].
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In the healthy cell a several proteins are key for DNA repair, transcript regulators, among
others. The BCL protein is very important in programed cell death. However, the cancer cell
up regulates the expression and AS of BCL-xL, promoting the expression of long protein
involved in anti-apoptotic process. In contrast, with short protein BCL-xS is involved in the
apoptosis [31]. In ovarian cancer was found a new alternative transcript of p53 (TP53INP2) its
expression is strongly associated to migration and cell invasion [32] its expression is associated to adverse prognosis [33]. The leukemia is the most frequency malignance in childhood,
this neoplasia is not the exception also has been identifying AS in several transcripts including: CCAR1 promote the complex Par-4/THAP1 y Notch3 [34] and confer unfavorable prognosis as well as hMLH1Delta6 [35]. The Ikaros is a suppressor tumor gene, the variant IK11 is
associated to proliferation and anti-apoptotic process [36].

5. Alternative splice transcript/proteins as molecular markers and
therapeutic targets
The great challenge in cancer is the identification of the molecular markers and therapeutic
targets. The proteins and transcripts products of AS are a magnify molecules because open
some new opportunities in cancer. The aberrant AS is a consequence of malignant transformation, the mutations and gene expression modulation promote the expression of new molecules
that confers advantage to cancer cell, such as: cell proliferation, migration, invasion, evading
programed death, among others. In this context, the identification of molecules expressed
in cancer could be a best molecular marker as well as treatment targets, because only are
expressed in pathological tissue. There is a little information about of AS profiles in cancer,
nevertheless, some molecules have been used such as molecular markers. The CD44 isoforms
be predictive to anti CD44 treatment in many types of cancer [37]. The androgen receptor
AR-V7 has been used as a predictive marker [38], patients who expressed V7 isoforms are
resistant to therapy using enzalutamide and abiraterone [39]. The isoforms of SLC39A14 are
used to detection of non- invasive colorectal cancer and the isoform is specific of the colon and
rectum [40, 41]. The new transcript variant of VNN1 also be specific of cancer colon cancer
and is used detection by their specificity [42].
The prospect for treatment of cancer is based on antibodies specifics for isoform expressed
exclusively in the disease. However, there are other strategies that also could be used with
RNA target, such as: using stable antisense RNAs, this approach could be used in different
types of RNAs (coding and non-coding RNA) inclusively pre-RNA. The interference RNA
is other strategy used in the elimination of aberrant expressed transcripts or even splicing
variant [43].

6. Alternative splicing methods for detection
The mRNA splice is easily visualized using several tools for molecular biology; the most
used is the RT-PCR. The implications for AS detection using the PCR, is based on primers
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Figure 1. Representative probe set signal in microarray and alternative splicing detection. The figure showed in the top
the probe set, the markers that inspect exon level expression. In the middle part depicted signal intensity in microarray
hybridization. On the bottom the alternative splicing by low signal intensity is shown.

design. Usually the primers are flanking the exon skipping; however, this method not could
detect novel splice transcripts. The in situ hybridization is other method that is used for AS
detection as well as PCR this method no could detect novel splice sites. In the last 20 years has
been developed massive method for detection gene expression. These tools have provided
quickly gene expression profiles diseases-associated. Nowadays, gene expression microarrays and next generation sequencing are being used for detection novel molecules expressed
in diverse diseases, include alternative mRNA spliced. Actually, the microarray gene expression (MGE) can measure exon expression, in this context, the low expression or suppression
in particular probe set could be indicating AS Figure 1. Up to day, there are 25,252 assays
performed with Affymetrix Human Exon 1.0 ST; 39,836 assays using Affymetrix GeneChip
Human Gene 1.0 ST; and the most recently version 2422 assays with Affymetrix GeneChip
Human Gene 2.0 ST, the experiments were performed between 8/7/07 and 8/8/16, 8/12/08
and 12/1/17 and 8/1/13 to 12/19/17, respectively each version array. Moreover, the microarrays data are available for data mining provides extraordinary information about profiles in
human diseases including cancer. Additionally, the microarray analysis can be driving to
explorer the AS.

7. Alternative splicing in the most common cancer types
The most common type of cancer is the breast cancer with more than 255,000 new cases
expected in the United States in 2017, followed lung and prostate cancer according to National
Cancer Institute. The question is Which are the transcripts alternatively spliced between normal and cancerous tissues? The major difficulty has been to determine whether the splicing
changes detected in cancer are pathogenic [26]. Then we showed different analysis using high
density microarrays to identify AS in three models of cancer. We performed data mining of
Affymetrix microarrays. The data were download of ArrayExpress (https://www.ebi.ac.uk/
arrayexpress/) [44] or Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/)
[45]. The microarray analysis was performed using Partek Genomics Suite v7.17 according to
previous reports [46].
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8. Breast cancer
We performed analysis using the data set E-GEOD-81838 available in ArrayExpress
web page or GEO-GSE81838 available in GEO, the data that we used was published by
Lehmann et al. [47]. The data set was established by 10 breast tumors and 10 stromal
cells. Our analysis showed 605 differential and alternatively spliced transcripts, the top 10
overexpress and suppressed are showed in the Table 1. We showed the most significant
over and down expressed. The DTL transcript have 15 exons, is over expressed in tumor
cell and DTL showed a potential alternative cap site Figure 2 The FGF7 transcript have
four exons, the heat map showed two apparent alternative site; cap and polyadenylation
Figure 3.

Gene Symbol

RefSeq

p-value

Fold-Change

DTL

NM_001286229

1.45E-46

4.97616

ESRP1

NM_001034915

3.48E-77

3.86032

HOOK1

NM_015888

1.36E-71

3.69894

TTK

NM_001166691

3.31E-42

3.6733

GRHL1

NM_198182

4.13E-44

3.5722

ASPM

NM_001206846

7.69E-67

3.53763

DLGAP5

NM_001146015

9.97E-41

3.51451

OCLN

NM_001205254

1.02E-19

3.4842

ELF5

NM_001243080

1.35E-12

3.41892

TDRD5

NM_001199085

1.07E-42

3.33299

INHBA

NM_002192

6.07E-12

−2.99379

TSHZ2

NM_001193421

1.53E-05

−3.01074

FGF10

NM_001142556

1.27E-13

−3.01537

PDZRN4

NM_001164595

4.88E-21

−3.0344

NEXN

NM_001172309

6.90E-53

−3.03644

CXCL12

NM_000609

7.58E-23

−3.06879

IGF1

NM_000618

7.66E-16

−3.46073

COL8A1

NM_001850

6.71E-20

−3.50649

FGF7

NM_002009

3.49E-19

−4.07332

FGF7P2

OTTHUMT00000157659

6.90E-12

−4.13171

Table 1. Main genes whit potential alternative splicing in breast cancer.
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Figure 2. Differential exon expression of DTL gene. The figure showed in the top tree transcripts variants reported. The
middle part sowed the level expression, the line red indicates tumor samples and blue indicate stroma samples. The heat
map showed exon level expression on the far left, the exon is supressed suggesting an alternative splicing.

Figure 3. Differential exon expression of FGF7 gene. The figure showed in the top one transcript variant reported, in the
middle indicates level expression; the blue line indicates stroma samples and the line red indicates tumor samples. The
heat map showed exon level expression on the far left and right, the exons are supressed suggesting that there are two
new potential alternative transcripts.
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9. Lung cancer
The analysis in lung cancer was performed using data set E-GEOD-30979 available in
ArrayExpress web page or GEO-GSE30979, the data was published by Leithner et al. [48]. The
model was hypoxic-based in lung cancer. Our analysis revealed 101 transcripts expressed differentially also could have potentially alternative splicing, in the Table 2 we showed the top
10 over and suppressed transcript identifies in this analysis. One of the most significant AS
transcripts was LOX, this transcript has six exons. Our results showed a potential alternative
site in cap Figure 4. The CEACAM6 was the supressed in hypoxic condition, also apparently
showed an alternative cap site Figure 5.

Gene symbol

RefSeq

p-value

Fold-Change

MROH9

NM_001163629

8.67E-26

2.95561

LOX

NM_001178102

1.53E-21

2.66476

CLGN

NM_001130675

4.13E-18

2.49403

MME

NM_000902

1.73E-34

2.47655

DDIT3

NM_001195053

9.74E-10

2.46406

NUCB2

NM_005013

5.49E-34

2.41954

FICD

NM_007076

8.59E-07

2.36754

DNAJB9

NM_012328

6.35E-15

2.35193

GBE1

NM_000158

2.04E-60

2.24392

ADM

NM_001124

2.06E-08

2.20975

BPIFA1

NM_001243193

2.45E-05

−2.91878

IGKC

AF113887

9.63E-15

−2.93589

TOP2A

NM_001067

3.08E-75

−3.05223

SFTPB

NM_000542

2.40E-09

−3.0864

HP

NM_001126102

0.00045976

−3.12945

PI15

NM_015886

8.33E-14

−3.13972

IGKV3OR2–268

OTTHUMT00000330418

0.000711524

−3.52251

IGKV2D-30

OTTHUMT00000323285

0.00240377

−3.55542

CEACAM6

NM_002483

6.87E-11

−3.68686

CEACAM5

NM_001291484

2.69E-11

−3.8858

Table 2. Main genes whit potential alternative splicing in lung cancer.
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Figure 4. Differential exon expression of LOX gene. The figure showed in the top two alternative transcripts reported,
the middle part the blue line indicates hypoxic model and the red line indicates normoxic model. The heat map showed
exon level expressions on the far right two probe set are supressed, both markers inspection one exon. Our results could
indicate the expression is the LOX NM_001178102 transcript variant.

Figure 5. Differential exon expression of CEACAM6 gene. The figure showed in the top one transcripts, in the middle
parte the blue line indicates hypoxic model and the red line indicates normoxic model. The heat map showed exon level
expression, on the far left one marker is supressed indicating a potential fractioned exon, consequently alternative cap site.
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10. Prostate cancer
The prostate cancer is one of the most common malignance in the worldwide. For this chapter
we performed data mining using the data set E-GEOD-66852 available in ArrayExpress web
page or GEO-GSE66852, the data was published by Nouri et al. [49]. Our results showed 777
transcripts that have significant differential exon expression, the most significant over and
down expressed are shown in the Table 3. Our results showed the over expression in the
CCDC80 transcript also showed an alternative spliced site in the exon six Figure 6. The down
regulate transcript was DLGAP5, this transcript showed two potential sites of splicing; in the
exon four and eight Figure 7.

Gene symbol

RefSeq

p-value

Fold-Change

CCDC80

NM_199511

2.98E-52

12.3906

PLA2G2A

NM_000300

1.48E-25

9.88943

PCDH11X

NM_001168360

6.22E-45

8.56495

RIMS1

NM_001168407

2.78E-104

7.77511

SI

NM_001041

1.17E-118

7.63493

IGFBP3

NM_000598

5.86E-35

7.56274

NLGN1

NM_014932

2.60E-22

7.29711

PCDH11X

NM_001168360

3.23E-36

6.91453

LRRN1

NM_020873

4.82E-16

6.45031

EPB41L4A

NM_022140

8.22E-55

6.22688

SHCBP1

NM_024745

1.26E-42

−14.8909

KIF20A

NM_005733

4.31E-69

−15.7441

HMMR

NM_001142556

5.84E-65

−16.2617

FAM111B

NM_001142703

3.52E-18

−17.0768

MELK

NM_001256685

3.51E-64

−17.2272

HIST1H3I

NM_003533

1.58E-10

−19.3335

TOP2A

NM_001067

5.06E-126

−23.1938

PBK

NM_001278945

4.11E-38

−24.005

NCAPG

NM_022346

2.24E-64

−24.1474

DLGAP5

NM_001146015

4.89E-73

−32.3098

Table 3. Main genes whit potential alternative splicing in prostate cancer.
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Figure 6. Differential exon expression of CCDC80 gene. The figure showed in the top two alternative transcripts, the
middle part the blue line indicates parental cells model and the red line indicates transdifferentiated cells model. The
heat map showed exon level expression, on the middle transcript one marker is supressed indicated by blue color in
transdifferentiated model.

Figure 7. Differential exon expression of DLGAP5 gene. The figure showed in the top two alternative transcripts. The
middle the blue line indicates parental cells model and the red line indicates transdifferentiated cells. The heat map
showed exon level expression on the right side two markers were supressed in the parental model. Our results suggest
two additional transcript variants non-reported are expressed in this model.
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11. Conclusions
The alternative splicing is an important transcriptional mechanism that promote protein
diversity. In cancer, several alterations in AS has been reported. In this chapter, we showed
the generalities of alternative splicing process, the implications of AS in human diseases. The
potential use of alternative transcript expressed in cancer as molecular markers and therapeutic targets. Finally, a simple method for identification of alterative transcripts expressed in
three models of cancer using available dataset of Affymetrix.

Acknowledgements
This work was supported by SEP-CONACyT Basic Science grant 243233, Sectorial Fund for
Research in Health and Social Security grant 272633 and Fiscal Resources, INP 2017.

Competing interests
The authors declare that they have no competing interests.

Author details
Vanessa Villegas-Ruíz and Sergio Juárez-Méndez*
*Address all correspondence to: ser.mend@gmail.com
Experimental Oncology Laboratory, Research Department, National Institute of Pediatrics,
Mexico City, Mexico

References
[1] Matlin AJ, Clark F, Smith CW. Understanding alternative splicing: Towards a cellular
code. Nature Reviews. Molecular Cell Biology. 2005;6(5):386-398. DOI: 10.1038/nrm1645.
Epub 2005/06/16;PubMed PMID: 15956978
[2] Kim E, Goren A, Ast G. Alternative splicing: Current perspectives. BioEssays: News
and Reviews in Molecular, Cellular and Developmental Biology. 2008;30(1):38-47. DOI:
10.1002/bies.20692. Epub 2007/12/18 PubMed PMID: 18081010
[3] Fu XD, Ares M Jr. Context-dependent control of alternative splicing by RNA-binding
proteins. Nature Reviews Genetics. 2014;15(10):689-701. Epub 2014/08/13. DOI: 10.1038/
nrg3778.PubMed PMID: 25112293; PubMed Central PMCID: PMCPMC4440546

Alternative RNA Splicing: New Approaches for Molecular Marker Discovery in Cancer
http://dx.doi.org/10.5772/intechopen.74415

[4] Chen J, Weiss WA. Alternative splicing in cancer: Implications for biology and therapy.
Oncogene. 2015;34(1):1-14. Epub 2014/01/21. DOI: 10.1038/onc.2013.570. PubMed PMID:
24441040
[5] Chen M, Manley JL. Mechanisms of alternative splicing regulation: Insights from molecular and genomics approaches. Nature Reviews. Molecular Cell Biology. 2009;10(11):741754. Epub 2009/09/24. DOI: 10.1038/nrm2777. PubMed PMID: 19773805; PubMed Central
PMCID: PMCPMC2958924.
[6] Kornblihtt AR, Schor IE, Allo M, Dujardin G, Petrillo E, Munoz MJ. Alternative splicing: A pivotal step between eukaryotic transcription and translation. Nature Reviews.
Molecular Cell Biology. 2013;14(3):153-165. Epub 2013/02/07. DOI: 10.1038/nrm3525.
PubMed PMID: 23385723
[7] Li Q, Lee JA, Black DL. Neuronal regulation of alternative pre-mRNA splicing. Nature
Reviews. Neuroscience. 2007;8(11):819-831. Epub 2007/09/27. DOI: 10.1038/nrn2237.
PubMed PMID: 17895907
[8] Carninci P. Constructing the landscape of the mammalian transcriptome. The Journal
of Experimental Biology. 2007;210(Pt 9):1497-1506. DOI: 10.1242/jeb.000406. PubMed
PMID: 17449815
[9] Mironov AA, Fickett JW, Gelfand MS. Frequent alternative splicing of human genes.
Genome Research. 1999;9(12):1288-1293. PubMed PMID: 10613851; PubMed Central
PMCID: PMC310997
[10] Celotto AM, Graveley BR. Alternative splicing of the drosophila Dscam pre-mRNA is
both temporally and spatially regulated. Genetics. 2001;159(2):599-608. Epub 2001/10/19.
PubMed PMID: 11606537; PubMed Central PMCID: PMCPMC1461822
[11] Modrek B, Lee C. A genomic view of alternative splicing. Nature Genetics. 2002;30(1):13-19.
DOI: 10.1038/ng0102-13. PubMed PMID: 11753382
[12] Graveley BR. Alternative splicing: Increasing diversity in the proteomic world. Trends
in Genetics: TIG. 2001;17(2):100-107. PubMed PMID: 11173120
[13] Modrek B, Resch A, Grasso C, Lee C. Genome-wide detection of alternative splicing in
expressed sequences of human genes. Nucleic Acids Research. 2001;29(13):2850-2859.
PubMed PMID: 11433032; PubMed Central PMCID: PMC55780
[14] Kan Z, Rouchka EC, Gish WR, States DJ. Gene structure prediction and alternative splicing analysis using genomically aligned ESTs. Genome Research. 2001;11(5):889-900. DOI:
10.1101/gr.155001. PubMed PMID: 11337482; PubMed Central PMCID: PMC311065
[15] Cartegni L, Chew SL, Krainer AR. Listening to silence and understanding nonsense:
Exonic mutations that affect splicing. Nature Reviews. Genetics. 2002;3(4):285-298. DOI:
10.1038/nrg775. PubMed PMID: 11967553
[16] Pick M, Flores-Flores C, Soreq H. From brain to blood: Alternative splicing evidence for
the cholinergic basis of mammalian stress responses. Annals of the New York Academy
of Sciences. 2004;1018:85-98. DOI: 10.1196/annals.1296.010. PubMed PMID: 15240356

67

68

Bioinformatics in the Era of Post Genomics and Big Data

[17] Stoilov P, Meshorer E, Gencheva M, Glick D, Soreq H, Stamm S. Defects in premRNA processing as causes of and predisposition to diseases. DNA and Cell Biology.
2002;21(11):803-818. DOI: 10.1089/104454902320908450. PubMed PMID: 12489991
[18] Hastings ML, Krainer AR. Pre-mRNA splicing in the new millennium. Current Opinion
in Cell Biology. 2001;13(3):302-309. PubMed PMID: 11343900
[19] Nissim-Rafinia M, Kerem B. Splicing regulation as a potential genetic modifier. Trends
in Genetics: TIG. 2002;18(3):123-127. PubMed PMID: 11858835
[20] Cooper TA, Wan L, Dreyfuss G. RNA and disease. Cell. 2009;136(4):777-793. DOI:
10.1016/j.cell.2009.02.011. Epub 2009/02/26. PubMed PMID: 19239895; PubMed Central
PMCID: PMCPMC2866189
[21] Lim LP, Burge CB. A computational analysis of sequence features involved in recognition of short introns. Proceedings of the National Academy of Sciences of the United
States of America. 2001;98(20):11193-11198. Epub 2001/09/27. DOI: 10.1073/pnas.201407298.
PubMed PMID: 11572975; PubMed Central PMCID: PMCPMC58706
[22] Cartegni L, Krainer AR. Disruption of an SF2/ASF-dependent exonic splicing enhancer
in SMN2 causes spinal muscular atrophy in the absence of SMN1. Nature Genetics.
2002;30(4):377-384. DOI: 10.1038/ng854. Epub 2002/04/02. PubMed PMID: 11925564
[23] Wang GS, Cooper TA. Splicing in disease: Disruption of the splicing code and the decoding machinery. Nature Reviews. Genetics. 2007;8(10):749-761. DOI: 10.1038/nrg2164.
Epub 2007/08/30. PubMed PMID: 17726481
[24] Hastings ML, Resta N, Traum D, Stella A, Guanti G, Krainer AR. An LKB1 AT-AC intron
mutation causes Peutz-Jeghers syndrome via splicing at noncanonical cryptic splice
sites. Nature Structural & Molecular Biology. 2005;12(1):54-59. DOI: 10.1038/nsmb873.
PubMed PMID: 15608654
[25] Philips AV, Cooper TA. RNA processing and human disease. Cellular and Molecular
Life Sciences: CMLS. 2000;57(2):235-249. PubMed PMID: 10766020
[26] Kim E, Goren A, Ast G. Insights into the connection between cancer and alternative
splicing. Trends in Genetics: TIG. 2008;24(1):7-10. Epub 2007/12/07. DOI: 10.1016/j.
tig.2007.10.001. PubMed PMID: 18054115
[27] Gunthert U, Hofmann M, Rudy W, Reber S, Zoller M, Haussmann I, et al. A new
variant of glycoprotein CD44 confers metastatic potential to rat carcinoma cells. Cell.
1991;65(1):13-24. PubMed PMID: 1707342
[28] Sneath RJ, Mangham DC. The normal structure and function of CD44 and its role in neoplasia. Molecular Pathology : MP. 1998;51(4):191-200. PubMed PMID: 9893744; PubMed
Central PMCID: PMC395635
[29] Dosil V, Tosar A, Canadas C, Perez-Segura P, Diaz-Rubio E, Caldes T, et al. Alternative
splicing and molecular characterization of splice site variants: BRCA1 c.591C>T as a
case study. Clinical Chemistry. 2010;56(1):53-61. DOI: 10.1373/clinchem.2009.132274.
PubMed PMID: 19892845

Alternative RNA Splicing: New Approaches for Molecular Marker Discovery in Cancer
http://dx.doi.org/10.5772/intechopen.74415

[30] Chen LL, Sabripour M, Wu EF, Prieto VG, Fuller GN, Frazier ML. A mutation-created novel intra-exonic pre-mRNA splice site causes constitutive activation of KIT in
human gastrointestinal stromal tumors. Oncogene. 2005;24(26):4271-4280. DOI: 10.1038/
sj.onc.1208587. PubMed PMID: 15824741
[31] Boise LH, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten T, Turka LA, et al. Bcl-x,
a bcl-2-related gene that functions as a dominant regulator of apoptotic cell death. Cell.
1993;74(4):597-608. PubMed PMID: 8358789
[32] Moran-Jones K, Grindlay J, Jones M, Smith R, Norman JC. hnRNP A2 regulates alternative mRNA splicing of TP53INP2 to control invasive cell migration. Cancer Research.
2009;69(24):9219-9227. DOI: 10.1158/0008-5472.CAN-09-1852. PubMed PMID: 19934309
[33] Hofstetter G, Berger A, Fiegl H, Slade N, Zoric A, Holzer B, et al. Alternative splicing of
p53 and p73: The novel p53 splice variant p53delta is an independent prognostic marker
in ovarian cancer. Oncogene. 2010;29(13):1997-2004. DOI: 10.1038/onc.2009.482. PubMed
PMID: 20101229
[34] Lu C, Li JY, Ge Z, Zhang L, Zhou GP. Par-4/THAP1 complex and Notch3 competitively
regulated pre-mRNA splicing of CCAR1 and affected inversely the survival of T-cell
acute lymphoblastic leukemia cells. Oncogene. 2013;32(50):5602-5613. DOI: 10.1038/
onc.2013.349. PubMed PMID: 23975424; PubMed Central PMCID: PMC3898485
[35] Peasland A, Matheson E, Hall A, Irving J. Alternative splicing of hMLH1 in childhood
acute lymphoblastic leukaemia and characterisation of the variably expressed Delta9/10
isoform as a dominant negative species. Leukemia Research. 2010;34(3):322-327. DOI:
10.1016/j.leukres.2009.08.015. PubMed PMID: 19767099
[36] Capece D, Zazzeroni F, Mancarelli MM, Verzella D, Fischietti M, Di Tommaso A, et al.
A novel, non-canonical splice variant of the Ikaros gene is aberrantly expressed in
B-cell lymphoproliferative disorders. PLoS One. 2013;8(7):e68080. DOI: 10.1371/journal.
pone.0068080. PubMed PMID: 23874502; PubMed Central PMCID: PMC3706598
[37] Birzele F, Voss E, Nopora A, Honold K, Heil F, Lohmann S, et al. CD44 isoform status predicts response to treatment with anti-CD44 antibody in cancer patients. Clinical
Cancer Research: An Official Journal of the American Association for Cancer Research.
2015;21(12):2753-2762. Epub 2015/03/13. DOI: 10.1158/1078-0432.CCR-14-2141. PubMed
PMID: 25762343
[38] Lu J, Van der Steen T, Tindall DJ. Are androgen receptor variants a substitute for the fulllength receptor? Nature Reviews. Urology. 2015;12(3):137-144. Epub 2015/02/11. DOI:
10.1038/nrurol.2015.13. PubMed PMID: 25666893
[39] Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M, Roeser JC, et al. AR-V7 and
resistance to enzalutamide and abiraterone in prostate cancer. The New England Journal
of Medicine. 2014;371(11):1028-1038. Epub 2014/09/04. DOI: 10.1056/NEJMoa1315815.
PubMed PMID: 25184630; PubMed Central PMCID: PMCPMC4201502
[40] Sveen A, Bakken AC, Agesen TH, Lind GE, Nesbakken A, Nordgard O, et al. The exonlevel biomarker SLC39A14 has organ-confined cancer-specificity in colorectal cancer.

69

70

Bioinformatics in the Era of Post Genomics and Big Data

International Journal of Cancer. 2012;131(6):1479-1485. Epub 2011/12/17. DOI: 10.1002/
ijc.27399. PubMed PMID: 22173985
[41] Thorsen K, Mansilla F, Schepeler T, Oster B, Rasmussen MH, Dyrskjot L, et al. Alternative
splicing of SLC39A14 in colorectal cancer is regulated by the Wnt pathway. Molecular
& Cellular Proteomics. 2011;10(1):M110 002998. Epub 2010/10/13. DOI: 10.1074/mcp.
M110.002998. PubMed PMID: 20938052; PubMed Central PMCID: PMCPMC3013455
[42] Lovf M, Nome T, Bruun J, Eknaes M, Bakken AC, Mpindi JP, et al. A novel transcript,
VNN1-AB, as a biomarker for colorectal cancer. International Journal of Cancer.
2014;135(9):2077-2084. Epub 2014/04/02. DOI: 10.1002/ijc.28855. PubMed PMID: 24687856
[43] Grimm D, Kay MA. Therapeutic application of RNAi: Is mRNA targeting finally ready
for prime time? The Journal of Clinical Investigation. 2007;117(12):3633-3641. Epub
2007/12/07. DOI: 10.1172/JCI34129. PubMed PMID: 18060021; PubMed Central PMCID:
PMCPMC2096424
[44] ArrayExpress. Available from: https://www.ebi.ac.uk/arrayexpress/ [Accessed: 2017-10-29];
2017
[45] Gene Expression Omnibus. Available from: https://www.ncbi.nlm.nih.gov/geo/ [Accessed:
2017-10-29]; 2017
[46] Juarez-Mendez S, Zentella-Dehesa A, Villegas-Ruiz V, Perez-Gonzalez OA, Salcedo M,
Lopez-Romero R, et al. Splice variants of zinc finger protein 695 mRNA associated to
ovarian cancer. Journal of Ovarian Research. 2013;6(1):61. DOI: 10.1186/1757-2215-6-61.
PubMed PMID: 24007497; PubMed Central PMCID: PMC3847372
[47] Lehmann BD, Jovanovic B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al. Refinement of
triple-negative breast cancer molecular subtypes: Implications for Neoadjuvant chemotherapy selection. PLoS One. 2016;11(6):e0157368. Epub 2016/06/17. DOI: 10.1371/journal.
pone.0157368. PubMed PMID: 27310713; PubMed Central PMCID: PMCPMC4911051
[48] Leithner K, Wohlkoenig C, Stacher E, Lindenmann J, Hofmann NA, Galle B, et al.
Hypoxia increases membrane metallo-endopeptidase expression in a novel lung cancer
ex vivo model – Role of tumor stroma cells. BMC Cancer. 2014;14:40. Epub 2014/01/28.
DOI: 10.1186/1471-2407-14-40. PubMed PMID: 24460801; PubMed Central PMCID:
PMCPMC3905926
[49] Nouri M, Caradec J, Lubik AA, Li N, Hollier BG, Takhar M, et al. Therapy-induced
developmental reprogramming of prostate cancer cells and acquired therapy resistance.
Oncotarget. 2017;8(12):18949-18967. Epub 2017/02/02. DOI: 10.18632/oncotarget.14850
PubMed PMID: 28145883; PubMed Central PMCID: PMCPMC5386661

