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Alternative splicing as a biomarker and potential
target for drug discovery

Kai-qin LE*, Bellur S PRABHAKAR?, Wan-jin HONG?, Liang-cheng LI* *

School of Pharmaceutical Sciences, Xiamen University at Xiang’an, Xiamen 361102, China; *Department of Microbiology and
Immunology, University of lllinois at Chicago, College of Medicine, Chicago, IL 60612, USA

Alternative splicing is a key process of multi-exonic gene expression during pre-mRNA maturation. In this process, particular exons

of a gene will be included within or excluded from the final matured mRNA, and the resulting transcripts generate diverse protein
isoforms. Recent evidence demonstrates that approximately 95% of human genes with multiple exons undergo alternative splicing
during pre-mRNA maturation. Thus, alternative splicing plays a critical role in physiological processes and cell development programs,
and.dysregulation of alternative splicing is highly associated with human diseases, such as cancer, diabetes and neurodegenerative
diseases. In this review, we discuss the regulation of alternative splicing, examine the relationship between alternative splicing and
human diseases, and describe several approaches that modify alternative splicing, which could aid in human disease diagnosis and

therapy.

Keywords: mRNA; alternative splicing; human diseases; cancer; diabetes; neurodegenerative diseases; biomarker; drug discovery

Acta Pharmacologica Sinica advance online publication, 15 Jun 2015; doi: 10.1038/aps.2015.43

Introduction
Alternative splicing (AS) is a mechanism for the generation
of multiple mRNAs during pre-mRNA maturation, resulting
in the generation of multiple proteins with distinct functions
from a single gene. During this process, particular exons
of a gene will be included within or excluded from the final
matured mRNA, and the resulting transcripts generate diverse
protein isoforms. Recent studies using mRNA-Sequence and
Expression Sequence Tag (EST-cDNA) technology indicate
that approximately 95% of human genes with multiple exons
undergo alternative splicing during pre-mRNA maturation?,
highlighting the important role of alternative splicing in deter-
mining gene function. Specifically, dysfunction of alternative
splicing has been implicated in different disease pathophysiol-
ogy, specificity and severity!" >

AS plays a critical role in physiological processes and cell
development programs. For example, alternative splicing
plays a role in stem cell renewal and differentiation. Recently,
Han et al showed that the muscle blind-like RNA-binding
proteins, MBNL1 and MBNL2, differentially regulate cas-
sette exon alternative splicing events in embryonic stem cells
and other cell types”. The inhibition of these proteins in dif-
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ferentiated cells induces embryonic stem cell-like patterns of
alternative splicing; in contrast, the overexpression of these
proteins in embryonic stem cells induces differentiated cell-
like patterns of alternative splicing. These findings suggest
that regulatory proteins play critical roles in regulating alter-
native splicing, associated with physiological processes and
cell development programs. The disruption of the alterna-
tive splicing likely affects cell differentiation, resulting in the
development of cancer and other diseases!”.

In this review, we highlight the pervasive pathophysiologi-
cal consequences of alternative splicing. We also discuss the
regulation of alternative splicing and the diverse roles of this
mechanism in tumorigenesis. Moreover, we examine the
potential use of alternative splicing as a biomarker and target
for drug discovery.

Alternative splicing and its regulation
An estimated 90000 proteins can be produced in human cells,
however, only approximately 25000 genes encoding proteins
have been identified in the human genome®. Thus, it has been
suggested that alternative splicing is one of the major mecha-
nisms contributing to protein diversity".

Alternative splicing is a key process that regulates pre-
mRNA maturation. During this process, particular exons of a
gene could be included or excluded from the maturated mes-

senger RNA (mRNA) transcribed from that gene"”. High-
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throughput sequencing of the human genome, particularly the
mRNA sequences and expressed sequence tags (EST-cDNA),
revealed that approximately 95% of the genes with multiple
exons undergo alternative splicing during pre-mRNA matura-
tion in a majority of human tissues™.

The completion of genome sequencing has provided
important insights into the various modalities of pre-mRNA
splicing. The different modes of alternative splicing can be
grouped into the following categories (Figure 1). Exon skip-
ping is the most common event in alternative splicing in mam-
mals accounting for 38.4% of alternative splicing events in
humans™; in this mode, an exon is excised from the matured
mRNA along with the flanking introns. Alternative 57/3" donor/
acceptor sites, which occur when two or more splice sites at
one end of an exon are present, are the next most frequently
observed events, accounting for 7.9% and 18.4%, respec-
M. Intron retention, whereby an intron is retained in the
resulting mature mRNA, accounts for approximately 2.8% of
01 Other classes of alternative

tively

the alternative splicing events
splicing” "> ™ include mutually exclusive exons, alternative pro-
moters and alternative splicing and polyadenylation; these modes
account for approximately 32.4% of the alternative splicing
events!!.

The basic elements regulate alternative splicing, including
cis- and trans-acting elements. The cis-acting elements, includ-
ing consensus splice site sequences and auxiliary elements,
determine the outcome of alternative splicing, while the trans-
acting elements, comprising a group of serine/arginine-rich
(SR) proteins, heterogeneous nuclear ribonucleoproteins
(hnRNPs), and small nuclear ribonucleoprotein (snRNP)s,
precisely regulate the process of alternative splicing. This
process is achieved through the precise and dynamic assembly
of the spliceosome, which comprises both cis- and trans-acting

Pre-mRNA

Exon skipping

Intron retention

Alternative 5’ donor
or 3’ acceptor sites

Mutually exclusive
exons

P1 P2

Alternative
promoters

AAAA...

Alternative splicing
and polyadenylation

Figure 1. Commonly observed alternative splicing patterns, summarized and
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elements. Understanding the specific functions and properties
of the participating proteins will provide a better understand-
ing of the splicing regulatory network (SRN). Moreover, this
information will help to determine how the dysregulation of
this process contributes to the pathophysiology of the result-
ing disease.

Alternative splicing and human diseases

Increasing evidence has shown that the disruption of alter-
native splicing negatively impacts health and contributes to
human diseases, including cancer, diabetes and neurodegen-
erative diseases. Here, we will discuss some of the evidence
relating alternative splicing with diseases in the context of the
expression patterns resulting from alternative splicing events,
the association of alternative splicing with disease severity,
and the extent to which alternative splicing affects disease
progression.

Alternative splicing occurs in a tissue-specific manner, associated
with specific genetic mutations in diseases
Approximately 0%-30% of alternative splicing events occur
in a tissue-specific manner™. Studies have shown that the
majority of alternative splicing events are differently regulated
in different tissues, suggesting that alternative splicing is a
major contributor to the evolution of phenotypic complexity
in mammals. Evidence for the tissue-specific regulation of
alternative splicing comes from a comparison of the ratio of
the specific exons of a gene included in the mRNA expressed
in each tissue relative to the other tissues. A minimum of 10%
change in the inclusion ratio was indicative of tissue specific-
ity. These analyses have resulted in the identification of over
22000 tissue-specific alternative transcripts!.

An excellent example of tissue-specific alternative splic-

Matured mRNA

modified from Blencowe!*?.,



ing is transcription factor 7-like 2 (TCF7L2)!, which has been
strongly associated with type 2 diabetes. This study examined
the mRNA expression of multiple TCF7L2 splicing isoforms
in eight different human tissues (ie, pancreas, pancreatic islets,
colon, liver, monocytes, skeletal muscle, subcutaneous adipose
tissue and lymphoblastoid cell lines), and the results indicated
a tissue-specific pattern of alternative splicing. Furthermore,
these studies showed significant differences in the expression
of TCF7L2 ‘exons 7-8" in other human tissues relative to that
in the pancreas.

Another example of tissue-specific alternative splicing is
IG20/MADD. Through alternative splicing, this gene pro-
duces six splicing variants, namely IG20pa, MADD, 1G20-S5V2,
DENN-SV, 1G20-SV4, and KIAA0358. Previous studies* ")
have examined the expression of IG20/MADD splicing variants
using RT-PCR and showed that MADD and DENN-SV were
constitutively expressed in all tissues tested, including brain,
breast, kidney, lung, ovary, pancreatic, testis, uterus, stomach,
and thyroid, while the expression of the other IG20/MADD
isoforms varied in different tissues"”, particularly KIAA0358
and IG20-5V4, which showed enriched expression primarily in
neuronal tissues™®.

It has been reported that many diseases are associated with
the abnormal function of pre-mRNA, reflecting either alter-
native splicing defects or genetic mutations. As changes in
alternative splicing patterns account for many human disor-
ders, we observed that the MADD isoform of the /G20 gene is
overexpressed in thyroid, breast, and ovarian cancer tissues
and cell lines compared with non-tumor tissues"*?. Disease-
associated or disease-specific mutation/s in a given gene is the
leading cause of changes in the alternative splicing patterns
of pre-mRNA. Nearly 15% of diseases result from abnormal
alternative splicing due to mutations within cis- and/or trans-

elements .

Cis-acting mutations that disrupt constitutive splice sites
Mutations can disrupt the classical splicing sites in an exon,
resulting in the expression of unnatural mRNAs, with the loss
of function of the mutated allele due to nonsense-mediated
decay (NMD), expression of proteins with internal deletions, a
shift in the reading frame or C-terminal truncations. A point
mutation in the muscular dystrophy gene disrupted constitu-
tive splicing sites, causing an in-frame skipping of exon 317

Cis-effects: mutations that disrupt the use of alternative splice
sites

Pre-mRNA mutations that affect the use of an alternative
splice sites can result in aberrant protein expression. Such
an event can shift the ratio of natural protein isoforms to the
mutated forms and cause functional disruption. This outcome
is different from an aberrant splice variant with the usual
associated loss of function. Familial-isolated growth hormone
deficiency type II (IGHD II), Frasier syndrome, fronto-tempo-
ral dementia, Parkinsonism linked to chromosome 17 (FTDP-
17), and atypical cystic fibrosis are diseases in which splicing
mutations have been common identified.
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Trans-effects: mutations that affect the basal splicing machinery
Trans-effect mutations affect the components of the basic splic-
ing machinery through either the assembly of the constitutive
components of the spliceosome or other factors that regulate
alternative splicing. Null mutations in spliceosome compo-
nents are typically lethal at the cellular level in metazoans.
Retinitis pigmentosa and spinal muscular atrophy are caused
by these types of splicing mutations™.

Trans-effects: mutations that affect regulators of alternative
splicing

In trans-effect mutations, instead of the components of the
spliceosomes, the regulators of splicing are silenced. The inac-
tivation of a splicing regulator in mice specifically affects the
function of natural pre-mRNA targets™. A similar phenom-
enon is expected to occur in human diseases, reflecting the

functional disruption of alternative splicing regulators® .

Alternative splicing is associated with the severity of the disease
stage

Previous studies have shown that alternative splicing muta-
tions are highly correlated with various types of cancer.
Through alternative splicing, a gene might produce multiple
isoforms, and each isoform might be differentially expressed
during different stages of cancer progression. CXCL12 and
IG20/MADD are good examples of genes whose isoform
expression patterns change with disease progression.

CXCL12-CXCR4-CXCR?7 is a signaling pathway that pro-
motes tumor growth and cancer metastasis'’. Previous studies
have shown that CXCL12-a, -f, and -y are highly co-expressed
in breast cancers, with lower levels of expression correlating
with more aggressive subtypes, increased disease stage, and
worse clinical outcomes. Additional studies have also shown
that the expression of CXCL12-a, -f, and -y isoforms signifi-
cantly varies at different stages of tumor progression.

We examined the expression of IG20pa and MADD in non-
tumor and malignant glioblastoma tumor tissues using q-RT-
PCR and observed that the pro-apoptotic isoform of the IG20
gene, IG20pa, is downregulated in malignant glioblastoma
and glioblastoma cancer cell lines compared with non-tumor
tissues (Figure 2), likely associated with the severity of glio-
blastoma. Similar result was also observed by Lefave, et al®!.

These findings indicate that alternative splicing is differently
regulated during cancer progression. Additional studies"
have also shown evidence supporting the argument that alter-
native splicing patterns are altered during cancer progression,
associated with the acquisition of cancerous features, such as
high proliferation rates, angiogenesis, extra-cellular matrix
invasion and survival under extreme stress condition.

Splicing variants from same gene primarily have antagonistic
functions

Alternative splicing primarily regulates disease progression
through the antagonizing functions of splice variants. One
variant from alternative splicing might affect the regular func-
tion of another variant. In previous studies, we have shown
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Figure 2. Expression of IG20pa in malignant glioblastoma and non-tumor tissues, determined using real-time RT-PCR. Samples 1-12, non-tumor

tissues; samples 37-46 malignant glioblastoma tissues and glioblastoma cell lines, U18, U87, DBTRG, T98G, LN229, LN18, and LN172.

that the isoforms IG20pa and MADD display antagonistic
functions in the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL)-induced apoptotic pathway, which
is directly associated with tumor apoptosis. Among the six
IG20 splicing variants, MADD is expressed at high levels
in all cancer cells tested. This protein confers resistance to
TRAIL-induced apoptosis in cancer cell lines, particularly in
the absence of IG20pa expression”!. MADD directly inter-
acts with the death receptor DR4/DR5 and subsequently
inhibits apoptosis by preventing the recruitment of the Fas-
Associated Death Domain (FADD)-containing protein procas-
pase-8, required to form the death-inducing signaling complex
(DISC), which mediates apoptosis. The deletion of MADD,
but not the other IG20 splice variants, induces susceptibility
to spontaneous and TRAIL-induced apoptosis in cancer cells.
Thus, it is reasonable to propose that the MADD isoform of the
IG20 gene is oncogenic, playing an important role in control-
ling cancer cell apoptosis and conferring resistance to TRAIL-
induced apoptosis. However, other studies have shown that
another isoform of the IG20 gene, IG20pa (ie, pro-apoptotic
isoform), acts as a dominant-negative MADD, which enhances
DISC formation and apoptosis. DISC formation induces cas-
pase-8 activation, which is inhibited in the presence of MADD
alone. The activation of caspase-8 can either lead to the activa-
tion of caspase-3 and extrinsic apoptosis or the cytoplasmic
cleavage of Bid, which is subsequently translocated to mito-
chondria, leading to the activation of the mitochondrial path-
way, resulting in the activation of caspase-9 and caspse-3 and
the induction of apoptosis™ (Figure 3).

An interesting phenomenon has been observed for another
pair of IG20/MADD isoforms, KIAA0358 and 1G20-5V4. We
demonstrated that KIAA0358 is a pro-survival factor, while
1G20-5V4 is a pro-apoptotic factor in certain neuronal cells.
The function of the KIAA0358 isoform dominates the function
of IG20-SV4. The expression of IG20-SV4 alone, in the absence
of KIAA0358, overcomes the transcriptional inhibition of cas-
pase-8 gene expression, resulting in the upregulation of the
expression of this gene. However, the co-expression of both
KIAA0358 and 1G20-5V4 suppresses caspase-8 gene transcrip-
tion "1,
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Figure 3. IG20pa and MADD as antagonists in the TRAIL-induced
apoptotic pathway.

The antagonistic effects of different isoforms of the same
gene have been widely observed. The Bcl-x gene encodes two
protein isoforms with antagonistic functions, the anti-apop-
totic protein — Bcl-xL and the pro-apoptotic protein — Bcl-xS.
Altering the ratio between these two proteins using an anti-
sense oligonucleotide can be used to sensitize the cells to che-
motherapeutic drug-induced apoptosis™. Similarly, TNFR2
also encodes two splicing variants with antagonistic functions
through the alternative splicing of exons 7 and 8, namely wild
type (TNFR2) and the deleted form (DS-TNFR2) of TNFR2.
While TNFR2 mediates TNF-alpha induced apoptosis, the DS-
TNFR?2 isoform blocks TNF-alpha induced apoptosis®®.

Alternative splicing as a potential biomarker and thera-
peutic target

Alternative splicing is tissue specific, and changes in alterna-
tive splicing occur in a disease-specific manner during disease



progression, suggesting that this mechanism could serve as a
disease-specific or disease stage-specific biomarker. Addition-
ally, regulating alternative splicing might affect the disease
outcome, implying the potential targeting for new drug devel-
opment.

Traditional genetic biomarkers present a great challenge
for the diagnosis of complex diseases such as cancer, as
many of these diseases arise from multiple distinct molecular
mechanisms. The exon-specific detection of alternative splic-
ing might serve as a reliable biomarker and provide a novel
approach to diagnose and monitor disease progression. This
approach is likely to be more successful than traditional meth-
odsP!. Recent studies have identified some splicing variants
of common regulatory proteins in diseased cells that are not
present in normal cells, suggesting the use of alternative splic-
ing as a potential biomarker. For example, alternative splicing
isoforms of many genes have been detected in cancer diagno-
sis. Using a high-throughput reverse transcription PCR-based
system for splicing annotation, the alternative splicing profiles
of 600 cancer-associated genes were determined from a panel
of 21 normal and 26 cancerous breast tissues®. A total of 41
alternative splicing events that significantly differed in breast
tumors relative to normal breast tissues were validated. Most
cancer-specific changes in splicing disrupt protein domains
and increase cell proliferation or cell survival, consistent with
a functional role for alternative splicing in cancer. This obser-
vation could serve as a biomarker for the diagnosis of compli-
cated diseases, such as cancer.

Approaches used to regulate alternative splicing as
potential therapies

Because specific alternative splicing is highly associated with
the specificity and severity of diseases, modulating this pro-
cess might prevent the development and/or alter the course
of diseases. Thus, modulating alternative splicing could offer
a useful strategy for new drug discovery. Several approaches,
from conventional small-molecule compounds ***! to oligonu-
cleotide and RNAi-based gene therapies, have been proposed
for drug development (Table 1).

Common conventional therapeutics

Targeting protein isoforms

Alternative splicing can produce a diverse range of protein
isoforms with a unique function and the ability to react dif-
ferently to various pharmaceutical products. Targeting each
individual protein isoform might represent a novel splic-
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ing isoform-specific therapy. For example, cyclooxygenases
(COXs) play critical roles in platelet activation and inflamma-
tion. COX-1 is constitutively expressed in most cells, whereas
COX-2 is an inducible isoform highly expressed under inflam-
matory conditions. Etoricoxib, a COX-2 specific inhibitor,
has been developed for the treatment of inflammatory condi-
tions'™.

Targeting expression

Instead of targeting the protein isoform, small molecules
that directly target gene expression can be developed. For
example, spinal muscular atrophy (SMA) reflects the loss of
the transcription of exon 7 due to allelic mutation. Several
potential treatments, including the topoisomerase II inhibitor
aclarubicin, increase the level of SMN protein by increasing
the inclusion of exon 7 in SMN2 mRNA®,

Targeting alternative splicing through trans-acting elements
Pharmaceutical agents designed to modulate alternative splic-
ing either target splicing factors (trans-acting elements) or
splicing factor-related proteins. XBP1 is a basic region/leucine
zipper (bZIP) transcription factor of the CREB-ATF family
that plays an important pro-survival role in multiple myeloma
(MM) cells. Toyocamycin inhibits IREla-induced ATP-depen-
dent XBP1 mRNA cleavage in vitro, with no apparent effect
on IREla auto-phosphorylation. Therefore, this agent can be
used to modulate MM cell death™. However, the therapeutic
targeting of splicing factors might affect multiple transcripts,
thereby disrupting normal intracellular function and gener-
ating undesirable side effects. To overcome this challenge,
oligonucleotide and RNA-based gene therapies have been
proposed.

Antisense oligonucleotide-mediated regulation of alternative
splicing

This approach targets oligonucleotides to specific cis-acting
elements within the transcript and has been used to inhibit or
activate specific splicing events. The oligonucleotides bind
to an element on the targeted transcript and directly block
its activity or indirectly affect transcription by recruiting
effectors to this site. Chemically modified oligonucleotides,
such as a 2’-O-methyl groups or morpholino backbones, are
used to modify alternative splicing and restore the desired
splicing outcomes. The most successful example is the
antisense oligonucleotide therapy used in Duchenne muscular
dystrophy (DMD). A series of Phase II/III clinical trials have

Table 1. Approaches for the regulation of alternative splicing as a potential therapy.

Approaches Examples/targeted genes References
Small molecule Targeting protein isoforms Etoricoxib/COX2 [35]
Targeting expression Aclarubicin/SMA [36]
Targeting trans-acting element Toyocamycin/XBP1 [37]
Antisense oligonucleotide-mediated regulation tDNA-AONs/DMD [38, 39]
RNAi-based isoform specific modulation SMaRT/MAPT [40]

Acta Pharmacologica Sinica
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been completed using antisense oligonucleotides, including
tricyclo-DNA antisense oligonucleotides (tDNA-AONs), to
induce exon skipping for the restoration of the open reading
frame (ORF) of the DMD gene®™ %1,

RNAi-based isoform specific modulation for corrective therapy
This represents a novel therapeutic approach based on mRNA
reprograming techniques. Mutations in the MAPT gene,
which encodes the tau protein, result in excess exon 10 (E10)
inclusion in tau mRNA, leading to frontotemporal dementia
with Parkinsonism linked to chromosome 17 (FTDP-17).
Spliceosome-mediated RNA trans-splicing (SMaRT) could
reprogram and correct aberrant E10 splicing resulting from
FTDP-17 mutations®”, highlighting a novel approach for the
development of new therapies that facilitate the restoration
of the desired endogenous mRNA and protein function in
diseased cells.

Conclusion and future perspectives

In the last decade, significant progress has been made in
understanding the complexity and regulation of alternative
splicing and the relationship between this mechanism and
human disease. Alternative splicing is a tissue-specific mecha-
nism, and particular splice variants are strongly associated
with specific diseases. Moreover, the pattern of expression of
splice variants changes with disease progression, and specific
splice variants have been associated with the severity and/
or stage of the disease. Targeting alternative splicing through
the modulation of either cis- or trans-acting elements could
serve as a basis for developing disease-specific biomarkers and
novel therapeutics for treating genetic diseases.
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