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Alternative splicing, hereafter referred to as AS, is an essential component of gene expression regulation
that contributes to the diversity of proteomes. Recent developments in RNA sequencing (RNA-seq)
technologies, combined with the advent of computational tools, have enabled transcriptome-wide
studies of AS at an unprecedented scale and resolution. RNA mis-splicing can cause human disease, and
to target alternative splicing has led to the development of novel therapeutics. Splice variants diversify
the repertoire of biomarkers and functionally contribute to drug resistance. Our expanding knowledge
of AS variation in human populations holds great promise for improving disease diagnoses and
ultimately patient care in the era of sequencing and precision medicine.

Alternative splicing and its role in biological diversity
Pre-mRNA splicing is a fundamental step in mRNA maturation,
and its discovery in 1977 revolutionized our understanding of
gene expression [1]. Not long after, scientists discovered that
splicing patterns of a gene were not fixed; rather, alternative
patterns of pre-mRNA splicing produced different mature mRNAs
that contained various combinations of exons from a single pre-
cursor mRNA. This alternative splicing (AS) increases the diversity
and functional capacity of a gene at the post-transcriptional level
[2]. AS is widespread in higher eukaryotes. For instance, there are
58 037 annotated genes and 198 093 corresponding isoforms in
Gencode Release 25 [3]. On average there are 3.4 annotated
transcripts per human gene, a ratio that increases to 7:1 for
protein-coding genes.

AS can have a profound effect on gene functions, and different
isoforms from the same gene can be involved in distinct processes
or even have directly opposing functions [4]. The p53 tumor
suppressor gene, also known as tumor protein pS3 (TP53), is
an example of this. TP53 has a central role in the regulation of
DNA-damaged cells and is a well-studied gene for which multiple
isoforms exist (Fig. 1). However, not all TP53 isoforms have the
same roles in tumor development; for instance, the A133f isoform
can inhibit apoptosis of tumor cells that would normally be
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induced by the full-length p53[ isoform [5,6]. Another example
is CD45, which consists of multiple members that are all products
of AS of a single complex gene [7]. CD4S5 isoforms are distinct in B
and T lymphocytes and vary with the differentiation and activa-
tion state of a cell [8]. This gene contains 33 exons, and three exons
of the primary transcripts can be alternatively spliced to generate
up to eight different protein products [i.e., CD45RA, CD45RB,
CD45RC, CD45RAB, CD45RAC, CD45RBC, CD45R0, CD45R
(ABC)] (Fig. 2). Although naive T lymphocytes express large
CD45 isoforms and are usually positive for CD45R, activated
and memory T lymphocytes express the shortest CD45 isoform,
CD45R0, which facilitates T cell activation. TP53 and CD45 are
two examples that illustrate how AS can have a profound effect on
gene functions and cellular processes.

Common modes of AS and the mechanisms
governing AS

Given the importance of AS, not surprisingly it is a highly regulat-
ed process [4]. The most common modes of AS are exon skipping,
the use of mutually exclusive exons [9], alternative donor (5’
splice) sites, alternative acceptor (3’ splice) sites or intron retention
(Fig. 3). In addition, the use of alternative promoters or polyade-
nylation sites can also further increase mRNA diversity [10-14].
Regulation of alternative splicing is a complicated process in
which numerous interacting components are at work, including

1258 www.drugdiscoverytoday.com

1359-6446/© 2019 Elsevier Ltd. All rights reserved.
https://doi.org/10.1016/j.drudis.2019.03.030


http://crossmark.crossref.org/dialog/?doi=10.1016/j.drudis.2019.03.030&domain=pdf
mailto:Shanrong.Zhao@pfizer.com
https://doi.org/10.1016/j.drudis.2019.03.030

Drug Discovery Today * Volume 24, Number 6 ¢ June 2019

REVIEWS

Range 19,086 bp

Gene [ ] TPS3 [ (6)

ENST00000504290.5 = H-Fipm  A133y

ENST00000510385.5 — s———— +H-hhm A133p

ENST00000504937.5 e i HhF—tk= A1330,

ENST00000455263.6 =l & Hi - F—e B FLy i
ENST00000420246.6 [ » +H-F13 - Flp a
ENST00000445888.6 = - ——f HF—~i3 i Fla 1

Drug Discovery Today
FIGURE 1

Representative isoforms of TP53. Different isoforms can be involved in distinct processes or even have directly opposing functions. For instance, the A133[3
isoform inhibits apoptosis of tumor cells that would normally be induced by the full-length FL[3 isoform.
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FIGURE 2

Alternative splicing (AS) isoforms of CD45. Adapted, with permission from [7]. AS dictates the inclusion or exclusion pattern of three exons in CD45 (exons 4, 5
and 6), corresponding to segments A, B and C. Differentiation of naive T cells into memory T cells is characterized by the exclusion of all three exons, leading to
the short CD45RO0 isoform by virtue of hnRNPLL binding to exonic splicing silencer (ESS) sequences. Naive T cells express various amounts of different high
molecular weight isoforms, such as RABC, RAB, RBC and RB, depending on AS patterns of these exons.

cis-acting elements and trans-acting factors, and it is further guided
by the functional coupling between transcription and splicing
[15-19] (Fig. 4). The most essential cis-splicing signals within
the pre-mRNA are the 5 splice site (5'SS), 3’ splice site (3'SS)
and branch site (A). The 5’ and 3’ splice sites have highly conserved
GU and AG dinucleotides as the first and last two nucleotides of
the intron, respectively. Alternative RNA splicing is catalyzed by a
large and highly dynamic protein complex called the spliceosome
[20]. The spliceosome complex is composed of five small nuclear
ribonucleic acids (snRNA U1, U2, US, US and U6) and 200 protein
components. Among the associated 200 proteins, there are two
well-studied RNA-splicing-factor families: the heterogeneous
nuclear ribonucleoprotein (hnRNP) proteins and the SR (serine—
arginine rich) splicing factors [21]. However, it is worth mention-
ing that not all splicing regulators are hnRNP or SR proteins, for

example NOVA, TDP-43, RBFOX1 and RBFOX2 [22]. The U1 small
nuclear ribonucleoprotein particle (SnRNP) complex recognizes
the 5'SS, and the U2 snRNP complex recognizes the branch site.
The U2AF (U2 snRNP auxiliary factor) proteins recognize the 3'SS.
Splice-site utilization is further regulated by exonic splicing
enhancers (ESEs) or silencers (ESSs), or intronic splicing enhancers
(ISEs) or silencers (ISSs) within the pre-mRNA. In general, silencers
are usually recognized by hnRNP proteins, whereas enhancers
recruit SR proteins. However, the function of the cis and trans
regulators of AS could change depending on the particular gene,
exon and intron sizes, cellular context, and the developmental or
physiological state of the cell. The final decision to include or
splice an alternative exon is thus determined by combinatorial
effects including competitive binding between hnRNP inhibitors
and SR activators.
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Common modes of alternative splicing (AS) of pre-mRNA [4]. The most common modes of AS are exon skipping or the use of mutually exclusive exons,
alternative donor (5’ splice) sites or alternative acceptor (3’ splice) sites, or intron retention. In addition, the use of alternative promoters or polyadenylation sites

further increases mRNA diversity.
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Complex interplay between cis- and trans-acting factors regulate alternative splicing (AS) [80]. The 5'SS is recognized by the U1 snRNP complex, the branch-point
is recognized by U2 snRNP complex and the 3'SS (another feature, the polypyrimidine tract) is recognized by U2AF proteins. This constitutes the ‘core’ splicing
machinery. Splice site utilization is further regulated by exonic splicing enhancers (ESEs) or silencers (ESSs), or intronic splicing enhancers (ISEs) or silencers (ISSs)

within the pre-mRNA.

RNA-seq and computational algorithms for
characterization of AS

Until recently, the conventional molecular biology approach to
the characterization of AS was reverse transcription polymerase
chain reaction (RT-PCR). Then, in the late 1990s, sequencing of
expressed sequence tags (ESTs), which are fragments of full-length
mRNAs, revealed widespread AS in eukaryotic organisms [23]. In

the mid-2000s, microarrays were designed to sample AS events
on a genome scale and successfully used to examine AS across
tissues, cellular states and species [24,25]. However, these technol-
ogies have low-throughput (RT-PCR and ESTs), high noise
(ESTs and splicing microarray) or are limited in their ability to
characterize only known splicing events (RT-PCR and splicing
microarray).
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Recent developments in HTS technologies and computational
tools have revolutionized our capacity to investigate AS at the
genome-wide level [26-31]. Four landmark papers published in
2008 demonstrated the power of RNA-seq for characterizing AS in
mammalian tissues [2,16,30,32]. Computational tools to analyze
alternatively spliced transcripts can be divided into two categories
based on their functionality. Tools in the first category include
RSEM [33], Kallisto [34] and Salmon [35], which can be applied to
analyze known or annotated transcript isoforms. Tools in the
second category include MISO [17], MAJIQ [19], tMATs [36] and
LeafCut [37], which can be used to analyze RNA-seq data at the
exon level to detect known and novel splicing events. Owing to
different definitions on AS events, different software applied to the
same datasets often come with different predictions; sometimes
the overlap of the software predictions can be very small [38]. A
widely used metric for AS is percent spliced [37] (PSI or {s), which
represents the percentage of a gene’s mRNA transcripts that in-
clude a specific exon or splice site. For a given AS event, the PSI
value can be calculated from the number of RNA-seq reads sup-
porting specific exons or splice junctions. However, if the sequenc-
ing depth is not deep enough or the expression levels for a
particular gene and its isoforms are very low, the calculated s is
less reliable. Although RNA-seq is indeed now the preferred tech-
nology to monitor genome-wide AS, RT-PCR remains the gold
standard to validate novel splicing variants and confirm changes
in PSI. This is especially true when the depth of reads is not
sufficient for high-confidence assessment.

Although RNA-seq has become the de facto standard in tran-
scriptome profiling [26,29], despite the advent of computational
tools to monitor AS, most RNA-seq studies to date have focused on
only gene-level analyses. As a result, subtle differences in alterna-
tive isoform usage and exon inclusion and/or exclusion are missed
in these gene-level analyses. To demonstrate how additional
scientific insights gained from the isoform- and exon-level analysis
of RNA-seq data, Zhang et al. recently explored AS patterns in
kidney tissue in a preclinical model of progressive diabetic
nephropathy [27]. Our analyses identified AS patterns in genes
that can be implicated in disease pathogenesis, such as Shcl,
Serpincl, Epb4.115 and II-33, which would have been overlooked
by standard gene-level analysis [27]. Their findings indicate that
additional mechanistic insights can be gained through interro-
gation of AS in addition to conventional gene-level analysis of
RNA-seq data.

AS isoforms in health and disease

Indeed, because >90% of human protein-coding genes are alter-
natively spliced [2], mis-splicing can modify or abrogate important
physiological protein function in homeostasis [4]. Increasing evi-
dence has linked AS to human health and disease. Many factors
can cause AS disruptions, and thus contribute to disease. These
include documented mutations that affect hnRNPs, SR proteins,
splice sites, secondary structures of introns or pre-mRNAs, or
extended-repeat elements that guide regulatory protein interac-
tions [4,39-41]. Any mutation affecting canonical splice sites in a
gene can clearly lead to gene dysfunction and potentially disease.
However, often overlooked are mutations that affect splicing
enhancers, silencers or trans-acting factors, because they can ap-
pear to be silent synonymous changes with no effect on amino

acid sequence, or to be otherwise innocuous owing to their intro-
nic or distal location. Ever-increasing numbers of these mutations
are now being identified in patients with genetic diseases. Indeed,
according to some estimates, 50-60% of disease-causing mutations
in the human gene mutation database affect splicing [42].

Accumulated data highlight the importance of AS in disparate
human diseases, including neurodegenerative disorders, cancer,
immune and infectious diseases, cardiovascular and metabolic
diseases [4,39,40,42]. For example, AS caused by altered expression
levels of the splicing factor serine-arginine splicing factor 1
(SRSF1) has been shown to contribute to tumor progression
[43]. Using RNA-seq, Zhou et al. [43] comprehensively screened
and identified multiple SRSF1-affected AS events. Functionally,
they verified that SRSF1 promoted cell proliferation, survival and
invasion by specifically switching the AS of myosin IB (MYO1B)
gene toward the expression of a membrane-localized and onco-
genic isoform: MYO1B-fl. Other examples of how AS can affect
normal cellular functions and cause abnormal cell growth further
highlight the close relationship between AS and cancer biology
[44-47]. Aberrant splicing events in cancer-associated genes,
namely BCL2L1, FAS, HRAS, Cyclin D1, CASP2, TMPRSS2-ERG,
FGFR2, VEGF, AR and KLF6, were summarized in [47] and are
depicted in Fig. 5. The pre-mRNA of B cell lymphoma 2-like 1
(BCL2L1) gene can be alternatively spliced to encode two protein
isoforms, antiapoptotic Bcl-xL (long isoform) and proapoptotic
Bcl-xS (short isoform) [48]. High Bcl-xL:Bcl-xS mRNA ratios, asso-
ciated with greater tumor cell survival, can be found in several
cancer types, such as breast cancer [49]. The caspase-2 (CASP-2)
gene produces multiple mRNA splice variants. CASP-2L encodes a
full-length caspase-2 protein, which is expressed in most tissues
and promotes apoptosis. However, splice variant CASP-2S, result-
ing from an exon 9 retention event that leads to a premature
termination, encodes a truncated protein lacking the active do-
main and thereby inhibits cell apoptosis [50]. Previous studies
have shown that CASP-2S overexpression promotes antiapoptotic
activities and protects cells from cytotoxicity by chemotherapeu-
tic agents, such as etoposide in leukemic and lymphoma cells [51].
For other hallmarks of alternative splicing in cancer, please refer to
[47,52,53]. KLF6 and VEGF, two genes emerging with potential
druggability, are discussed below.

AS in drug development

Because abnormal AS can be associated with disease specificity and
severity, strategies to modulate and monitor this process hold
promise in therapeutic and biomarker settings [40,54,55]. This
section provides some highlights of how AS is emerging as an
important aspect in the field of drug discovery.

Modulating AS of a target gene

Over the past two decades, molecular tools have been developed to
correct or redirect AS events [54,55]. A typical target-specific
approach can be achieved through the use of antisense oligonu-
cleotides (ASO) designed as a complementary molecule that
targets a specific mRNA to regulate AS. By designing the ASO to
bind and mask cis-regulatory splicing sequences, the splicing
machinery can be redirected in a precise and often reproducible
way. This strategy has been used with notable success with the
recent FDA approval of nusinersen [56,57], an ASO to correct
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Examples of aberrant splice variants and oncogenic consequences for Bcl-xL, FAS-S, p21H-RAS, Cyclin D1b, CASP-2S, TMPRSS2-ERG+72bp, FGFR2-llIc, VEGF-165,
AR-V7 and KLF6-SV1. Abbreviations: TMPRSS2-ERG+72bp, TMPRSS2-ERG fusion transcript with inclusion of a 72-bp exon; BCa, breast cancer; PCa, prostate cancer;
CE3, cryptic exon 3. The pre-mRNAs are shown on the left panel, and the mature mRNA variants (only the exons surrounding the differential splicing event are
shown) following AS are shown on the right panel. Reproduced, with permission, from [47].

splicing in spinal muscular atrophy (SMA). SMA is the second-
most-common recessive disorder in humans, and the most com-
mon inherited cause of infant mortality [57]. In humans, a gene
duplication event of survival of motor neuron 1 (SMN1) has given
rise to an almost identical gene called SMN2. In SMA, SMN1, which
produces the majority of full-length SMN protein, is either deleted
or inactivated by mutations. However, SMN2 contains a silent
C—T substitution in the sixth nucleotide of exon 7 (Fig. 6). This
substitution destroys an ESE by abolishing a binding site for the SR
protein SF2/ASF, and also creates an exonic splicing silencer
through creation of a binding site for hnRNPA1. As a result, this
substitution causes skipping of exon 7 and ineffective protein
production, with the result that SMNZ2 is unable to compensate
for any loss in expression of SMNI1. To prevent SMN2 exon 7
skipping, and restore functional protein production, the ASO
nusinersen blocks an intronic splicing silencer element for the
treatment of type 1 (severe) SMA infants and children (Fig. 6).
Another example is ataluren, an ASO that has been approved for
treatment of Duchenne muscular dystrophy (DMD) [58]. DMD is a
progressive and life-threatening X-linked recessive disorder caused
by mutations in the DMD gene that results in reduced or absent
production of dystrophin — a protein involved in muscle fiber
formation. Dystrophin is the largest known human gene, span-
ning 2.3 Mb and containing 79 exons. DMD in males is typically
caused by a nonsense mutation in an exon that introduces a
premature termination codon (PTC). The resulting loss of func-
tional dystrophin causes progressive and irreversible muscle wast-
ing in these individuals, leading to disability and premature death.
Approximately 250 000 people suffer with this disorder worldwide

[59]. Several recent clinical trials have demonstrated that ASO-
based drugs that promote the skipping of the PTC-containing
exon can yield an mRNA that is resistant to nonsense-mediated
mRNA decay and encodes a dystrophin protein that is not fully
normal but which retains important functions [58]. Such exon
skipping therapy has the potential to convert the lethal Duchenne
phenotype into the less severe Becker phenotype [60]. Recently,
ataluren was marketed under the trade name Translarna®™ by PTC
Therapeutics.

Targeting the AS machinery with small molecules

The realization that AS isoforms and altered AS machinery in
cancer cells are not merely byproducts of the oncogenic state
but rather potential drivers of oncogenesis raises the possibility
of targeting AS for cancer therapy. Indeed, one of the earliest small-
molecule modulators of splicing to be identified was FR901464 and
its acetylated derivate spliceostatin A (SSA) [61]. This molecule was
shown to have antitumor effects in vitro and in vivo; and was later
discovered to bind and inhibit the U2-snRNP component SF3B1
[62]. Finally, small-molecule inhibitors of histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs) could influence
AS via stalling of spliceosome assembly, in addition to their more
traditional effects on transcriptional regulation [63].

Nusinersen is the first FDA-approved ASO drug for all types of
SMA but efficient delivery remains a major challenge. Orally
bioavailable small molecules that specifically target the SMN2 gene
and modulate its splicing are under development for the treatment
of SMA, and are currently entering early-phase clinical trials [64].
Oral administration makes these drugs more tolerable than ASOs,
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FIGURE 6

Schematic representation of the action mechanism of nusinersen (Spinraza""{’) in treatment of spinal muscular atrophy (SMA). Survival of motor neuron 1 (SMN1),
which produces the majority of full-length SMN protein, is either deleted or inactivated by mutations in SMA patients, whereas the paralogous SMN2 expresses
low levels of SMN protein with exon #7 skipped owing to a C—T transition (gray box) in the exonic splicing enhancer (ESE) region. Nusinersen targets an intronic
splicing silencer (ISS; red bar) region and enhances exon 7 splicing to produce full-length SMN protein.

because it overcomes the need for repeated lumbar puncture. The
major concern related to this approach is the risk of off-target
effects given that small molecules, unlike ASOs, are not completely
specific and can, in principle, affect the expression of other genes.
To overcome these issues, Roche used a high-throughput in vitro
screening to identify small molecules RG7800 and RG7916 as
potential candidates [64]. For more examples of targeting AS with
small molecules, the reader is referred to two excellent, recent
reviews on the topic [55,65].

Targeting specific AS protein isoforms

Targeting an individual protein isoform can be the basis of novel
therapeutic strategies based on AS biology. The clearest examples
of this come from the field of biotherapeutics. For example, the
fibronectin (FN) gene can undergo AS that results in the inclusion
or exclusion of extra domain A (EDA) exon [66]. Because extracel-
lular EDA-FN is enriched in areas of tissue damage and angiogene-
sis, monoclonal antibodies that target the EDA sequence are
currently a pharmaco-delivery strategy to deliver anti-inflamma-
tory payloads to sites of disease [67]. In another example, several
companies have attempted to target a cancer-associated AS form of
CD44, CD44v6, to deliver chemotherapeutic agents to tumors,
albeit with limited success owing to adverse events in late-stage
clinical trials [68].

At time of writing and to the best of my knowledge, there is
currently no example of an FDA-approved splicing-isoform-
selective small-molecule inhibitor. There is clearly, however,
future potential in this regard. The idea of development of drugs
to target specific protein isoforms is supported by the validation of
the isoform-specific oncogenic role of some cancer genes such
as Kruppel-like factor 6 (KLF6) and vascular endothelial growth
factor (VEGF). KLF6 encodes a member of the Kruppel-like family
of transcription factors. Multiple transcript variants encoding

different proteins have been found for this gene, some of which
are implicated in carcinogenesis. Full-length KLF6 is a tumor
suppressor that displays loss of expression, whereas the splice
variant 1: KLF6-SV1 (Fig. 5), plays a crucial part in promoting cell
proliferation, survival, migration and angiogenesis of prostate
cancer [69,70]. Moreover, KLF6-SV1 is overexpressed in metastatic
prostate cancer and associated with increased metastasis, and thus
targeted inhibition of KLF6-SV1 can suppress prostate cancer cell
growth and spread [71]. VEGF is associated with angiogenesis that
plays a key part in cancer progression and development of metas-
tases. Typical splicing of VEGF results in an antiangiogenic splice
variant VEGF165b (Fig. 5), which is widely expressed in normal
cells and tissues but is downregulated in prostate cancer. This
suggests that targeting specific VEGF isoforms could be an impoz-
tant regulatory mechanism of angiogenesis in cancer [72].

Utilizing AS for predictive and prognostic biomarkers

AS, and changes in AS, can occur in a disease-state- and stage-
specific manner, indicating that AS patterns could serve as a
diagnostic or prognostic biomarker [73-75]. Traditional genetic
biomarkers present a great challenge for the diagnosis of complex
diseases such as cancer, because many of these diseases arise from
multiple distinct molecular mechanisms. Most cancer-specific
changes in splicing disrupt protein domains and increase cell
proliferation or cell survival, consistent with a functional role
for AS in cancer. The exon-specific detection of AS might serve
as a reliable biomarker and provide a novel approach to diagnose
and monitor cancer progression [76,77]. For instance, several AS
variants and cancer-specific splicing events in colorectal cancer
have been shown to serve as biomarkers of disease [73]. Given the
high frequency of mRNA splicing in cancers, linking this feature
to drug response opens new avenues of research in biomarker
discovery [75]. To identify robust transcriptomic biomarkers for
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drug response across studies, Safikhani et al. developed a meta-
analytical framework combining the pharmacological data from
two large-scale drug-screening datasets. They used an independent
pan-cancer pharmacogenomic dataset to test the robustness of
their candidate biomarkers across multiple cancer types. They
further analyzed two independent breast cancer datasets and
found that specific isoforms of IGF2BP2, NECTIN4, ITGB6 and
KLHDC9 were significantly associated with AZD6244, lapatinib,
erlotinib and paclitaxel, respectively [75]. Their results support
isoform expression as a rich resource for biomarkers predictive of
drug response.

In addition, two recent studies demonstrated that AS profiles
can predict cancer patient survival comparable to, and often with
better accuracy than, total gene expression levels [78,79]. Given
that AS is quantified as the relative ratio of multiple isoforms from
a single gene, AS data are self-normalized on a per-gene basis and
can therefore be viewed as having an ‘internal control’. By this
measure, AS can potentially provide a more intrinsic molecular
signature of molecular alterations than total gene expression
levels. This is especially true for large-scale RNA-seq studies in
clinical trials, where the variability of samples is large because they
are usually collected from multiple patients and sites and across
many different time points [80].

AS considerations in drug resistance

One of the major challenges in cancer treatment is that tumors
that initially respond well to therapy eventually develop resistance
to drugs, resulting in treatment failure. Development of resistance
and relapse of tumors are major challenges in cancer therapy.
Therefore, understanding resistance mechanisms is key to improv-
ing therapeutic outcomes. One mechanism of drug resistance can
occur through AS [81]. Because AS takes place post-transcription-
ally, changes in isoform ratios or generation of novel isoforms
that can escape drug action can occur rapidly. In addition, exon

(a) AR'FL
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Gene . - .l
Pt | —
NTD 0BD
b) BRCA1

4 ANEABANTA 8
mEEEE-

inclusion or skipping can alter a complete protein domain, rather
than a single amino acid change that commonly occurs owing to
genomic mutations. Thus, cancer cells can use this intrinsic mech-
anism to gain drug resistance without altering the genome. AS is
an important determinant of clinical response, and one well-
studied gene with drug resistance is androgen receptor (AR)
[47,82,83]. AR plays an important part in cancer pathogenesis
and might prove to be a relevant therapeutic target for prostate
cancer patients [84]. The full-length AR (AR-FL) is composed of an
N-terminal domain, a central DNA-binding domain, a hinge
region and a C-terminal ligand-binding domain (LBD) (Fig. 7a);
AR-V7, one of the best characterized AR splice variants, is missing
exons 4-7 and is prominently expressed in hormone-refractory
prostate cancer. The AR-V7 variant encodes a functional protein
lacking the LBD, a crucial target for androgen ablation therapy.
Consequently, patients with AR-V7-expressing prostate cancer
exhibit resistance to the antiandrogen drug enzalutamide (AR
antagonist).

Another example of drug resistance is provided by the breast
cancer type 1 susceptibility gene (BRCA1I) (Fig. 7b). BRCA1 encodes
tumor suppressor proteins that are required for homologous
recombination (HR)-mediated repair of double-strand (ds)DNA
breaks. In the absence of either BRCA1 or BRCA2 activity, poly
(ADP-ribose) polymerase (PARP), which functions as an enzyme
to repair single-strand (ss)DNA breaks through base-excision repair,
is thought to be an essential safeguard for maintaining genome
integrity. Consequently, PARP inhibitors (PARPi) could serve as an
effective agent to induce ‘synthetic lethality’ of tumor cells with
dysfunctional BRCA1 and/or BRCA2. Although PARPi therapy has
been demonstrated to efficiently sensitize BRCA1/2 mutation-asso-
ciated cancers and improve survival in patients, not all patients
respond to therapy and some patients developed drug resistance
after an initial favorable response [85]. Cancer cell lines and tumors
harboring mutations in exon 11 of BRCA1 express a BRCAI-Allg

NTD DBD
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FIGURE 7

Drug Discovery Today

Aberrant mRNA splicing variants in drug resistance. (a) Androgen receptor (AR). The full-length AR (AR-FL) has a C-terminal ligand-binding domain (LBD),
whereas AR-V7 is missing exons 4-7 and encodes a functional protein lacking the LBD, a crucial target for androgen ablation therapy. (b) The BRCA1-A11q splice
variant skips exon 11 and consequently bypasses any inactivating mutations in this region, and thus promotes partial resistance to PARPi therapy.
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splice variant lacking the majority of exon 11. A recent study has
revealed that the BRCA1-A11g splice variant bypasses any inactivat-
ing mutationsin this region, and thus promotes partial resistance to
PARPi therapy [86]. Breast cancer cells employ a strategy to remove
deleterious germline BRCA1 mutations through alternative mRNA
splicing, giving rise to isoforms that retain residual activity and
contribute to therapeutic resistance.

Poulikos et al. [87] identified a new resistance mechanism in
which RAF inhibitor resistance was mediated by dimerization of
aberrantly spliced BRAF(V600E). They found that a subset of cells
resistant to vemurafenib (PLX4032, RG7204) expressed a 61 kDa
variant form of BRAF(V600E): p61BRAF(V600E), which lacks exons
4-8, a region that encompasses the RAS-binding domain. Com-
pared to full-length BRAF(V600E), p61BRAF(V600E) shows en-
hanced dimerization. Poulikos et al. [87] identified BRAF(V600E)
splicing variants lacking the RAS-binding domain in the tumors of
six of 19 patients with acquired resistance to vemurafenib. More-
over, a mutation that abolishes the dimerization of p61BRAF
(V600E) restores its sensitivity to vemurafenib. These data support
a novel mechanism of acquired resistance in patients: expression
of splicing isoforms of BRAF(V60OE) that dimerize in a RAS-
independent manner.

AS can also impact cell therapy approaches. For example, the
CD19 antigen, expressed on most B cell acute lymphoblastic
leukemias (B-ALL), can be targeted with chimeric antigen-
receptor-armed T cells (CART-19) but relapses occur in 10-20%
of pediatric responders [88]. One mechanism by which this occurs
is where CD19 is still present but is no longer recognized by anti-
CD19 CAR-T cells because the cell-surface fragment containing the
cognate epitope is absent because of AS. Sotillo et al. discovered
an alternatively spliced CD19 isoform that skipped exon 2 that
interferes with CART-19 recognition of the antigen, preventing
killing [88]. This mechanism of drug resistance suggests a possi-
bility of targeting alternative CD19 ectodomains to improve sur-
vival of patients with B cell neoplasms.

Utilizing AS in precision medicine

The prevalent role of AS in Mendelian and complex diseases
suggests that evaluating the impact of genomic variants on splic-
ing should be adopted as an integral part of clinical variant
prioritization. Population-scale transcriptome studies have reveal-
ed many naturally occurring genetic variants that modulate AS,
and consequently influence phenotypic variability and disease
susceptibility in human populations [80]. To identify biomarkers
that predict drug response, Safikhani et al. combined pharmaco-
logical data from two large-scale drug screening datasets with
genome-wide transcriptomics to identify isoform-level expression
patterns that were predictive of drug response in vitro [75]. They
validated four isoform-based biomarkers (IGF2BP2, NECTIN4,
ITGB6 and KLHDC9) that were predictive of drug response to
lapatinib, erlotinib, AZD6244 (MEK inhibitor) and paclitaxel,
indicating that isoform analysis constitutes a promising new class
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