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Over the past decade there has been increased awareness
of the potential role of alternative splicing in the etiology
of cancer. In particular, advances in RNA-Sequencing
technology and analysis has led to a wave of discoveries
in the last few years regarding the causes and functional
relevance of alternative splicing in cancer. Here we dis-
cuss the current understanding of the connections be-
tween splicing and cancer, with a focus on the most
recent findings. We also discuss remaining questions
and challenges that must be addressed in order to use
our knowledge of splicing to guide the diagnosis and treat-
ment of cancer.

Alternative pre-mRNA splicing is a pervasive cellular
process that expands the transcriptome relative to the ge-
nome through the differential use of exons or portions
thereof (Nilsen and Graveley 2010; Blencowe 2017). As
such, alternative splicing contributes to proteome com-
plexity among higher eukaryotes and plays an important
role in modulating the patterns of gene expression that
govern many cell fate decisions. Despite the advantage
that alternative splicing offers cells to expand and regulate
function, aberrations or mistakes in splicing are typically
deleterious to cells and result in cell death or dysregulated
growth. Indeed, from the earliest discovery of pre-mRNA
splicing, it was appreciated that mistakes in this process
could alter gene expression in ways that lead to human
disease (Atweh et al. 1987; Indik et al. 1989). However,
only in recent years, with the advent of transcriptomic se-
quencing and the amassing of large databases of patient
data, has it become apparent just how broadly splicing is
altered in human cancers. This recognition hasmotivated
much investigation of the causal contribution of altered
splicing to cellular transformation, and how splicingmay-
be used as a biomarker for disease or target for therapy.
Here we describe the current understanding of how splic-
ing is regulated in general, discuss some classic and newer

examples of how this regulation is altered in cancer, and
then review recent insight into the breadth of splicing var-
iability in cancer as well as the progress and obstacles in
leveraging alternative splicing to increase our ability to
classify and treat human metastatic disease.

Fundamental mechanisms of alternative splicing
to regulate protein expression

Alternative splicing refers to any process by which all or
part of an exon or intron froma nascent transcript is differ-
entially included in the final mRNA during pre-mRNA
splicing. Common patterns of alternative splicing include
skipping or inclusion of a cassette exon, alternative 5′ or 3′

splice site choice, mutually exclusive exons, and intron
retention, althoughmany other complex patterns of alter-
native splicing can occur (Fig. 1). In all of these cases, the
choice of splicing patterns can profoundly alter the expres-
sion and/or function of the encoded protein by changing
the open reading frame of an mRNA or altering the pres-
ence of regulatory sequences in untranslated regions
(UTRs) (Nilsen and Graveley 2010; Blencowe 2017). Im-
portantly, the advent of high-throughput sequencing
over the past decade has revealed that >95% of protein-
coding genes in humans undergo some form of alternative
splicing in a cell type- or condition-specific manner, with
at least 80% of these changes altering the protein-coding
potential of the transcript (Pan et al. 2008; Wang et al.
2008; Nilsen and Graveley 2010; Braunschweig et al.
2014; Ule and Blencowe 2019). As mentioned above, this
ability to expand the coding potential of the genome is tre-
mendously beneficial to cells. For example, transitions in
alternative splicing are essential drivers of cell differenti-
ation and fate decisions (Baralle and Giudice 2017; Fisz-
bein and Kornblihtt 2017) and contribute to the ability
of cells to respond appropriately to signaling events such
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as metabolic changes, immune challenge, and neuronal
stimulation (Lynch 2007; Fiszbein and Kornblihtt 2017;
Ule and Blencowe 2019). However, mistakes in this pro-
cess—leading to either aberrant splicing patterns or pat-
terns expressed at the wrong time or place—can be
profoundly deleterious to cells.

The basic chemistry of splicing—that is, the removal of
introns and joining of exons—is catalyzed by amultisubu-
nit complex called the spliceosome, which assembles de
novo on each intron through specific recognition of se-
quence elements at the exon–intron boundaries that
mark the splice sites (Fig. 2A; for comprehensive reviews,
see Wahl et al. 2009; Shi 2017). Importantly, however, the
specificity of the interactions between the spliceosome
and individual splice sites typically involves only a few
Watson-Crick base pairs and thus is not sufficient to me-
diate the high level of fidelity required of splicing. Consis-
tently, decades of study has revealed that efficient splice
site recognition in human genes requires the additional
action of RNA-binding proteins (RBPs) that bind adjacent
to splice sites and promote recruitment of the spliceo-
some (for an extensive review, see Fu and Ares 2014; Ule
and Blencowe 2019). Conversely, the inherently weak af-
finity of the individual spliceosomal components with
the substrate means that these interactions are readily in-
hibited through competitive binding or sequestration of
the splice sites by repressive RBPs. In sum, therefore,
the ultimate decision of which splice sites are used and
the resulting pattern of exon joining is determined by a
complex interplay of RBPs that bind along exons and in-

trons and direct the association of the splicing catalytic
complex to appropriate sites of action (Fig. 2B).

Splicing regulatory RBPs in humans can be divided
into three major classes: SR proteins, canonical hnRNPs,
and other hnRNP-like proteins (Fig. 3). SR proteins are
defined by containing at least one RRM-type RNA-bind-
ing domain as well as a domain rich in serine–arginine
(SR) dipeptides that makes homotypic interactions with
other SR proteins and with core components of the spli-
ceosome (Fu 1995; Ule and Blencowe 2019). SR proteins
typically bind exonic sequences and promote spliceo-
some assembly, although this is not always the case. In
contrast, canonical hnRNPs are defined not by structure,
but rather by historic copurification as abundant nuclear
factors (Pinol-Roma et al. 1988). These proteins are thus
more structurally diverse than SR proteins, containing
RRM-, KH-, and RGG-type RNA-binding domains and
often one or more low-complexity regions (Fig. 3).
HnRNP-like proteins share sequence similarity to the
canonical hnRNPs but exhibit more tissue- or tempo-
ral-restricted expression and thus were not identified un-
til more recently (Lunde et al. 2007; Hentze et al.
2018). For all three classes of RBPs, these protein bind
to short sequence motifs with a range of promiscuity
and redundancy (Ray et al. 2013; Dominguez et al.
2018; Ule and Blencowe 2019). This allows transcripts
to simultaneous ensure the ability to bind a necessary
subset of RBPs while still adhering to coding or other reg-
ulatory constraints.

Importantly, the RBPs described above function in a
highly combinatorial manner such that even modest
changes in the abundance or activity of individual RBPs
or core spliceosomal proteins can result in large changes
in splicing pattern of particular transcripts (Fu and Ares
2014; Baralle and Giudice 2017; Ule and Blencowe
2019). Moreover, each gene is regulated by a discrete sub-
set of RBPs, with each RBP typically regulating several
hundred splicing events (Fu and Ares 2014; Baralle and
Giudice 2017; Ule and Blencowe 2019). This results in a
complex network of coregulation of splicing mediated
by a web of RBPs in which any change in RBP expression
or activity can potentially impact the splicing of some or
many transcripts. Indeed, many developmental transi-
tions in alternative splicing are due to changes in the
expression of one or a few RBPs during cellular differenti-
ation (Baralle and Giudice 2017; Fiszbein and Kornblihtt
2017). Similarly, signal responsive changes in splicing
can bemediated by changes in RBP abundance or localiza-
tion due to regulated transcription or mRNA stability of
the message or changes in activity mediated by posttrans-
lational modification (Heyd and Lynch 2011). In addition,
the splicing of individual transcripts can also be altered by
genetic mutations in the sequences recognized either by
the spliceosome components themselves or by regulatory
RBPs (Motta-Mena et al. 2011; Supek et al. 2014; Jaya-
singhe et al. 2018). While the impact of cis-mutations is
often relatively easy to predict, and thus has been studied
in cancer for many years, the role of mutation or dysregu-
lation of RBPs in cancer has only more recently begun to
be appreciated.

Figure 1. Common patterns of AS. Rectangles represent exons
and lines represent introns. Dotted lines connect exons that are
joined together to form the final mRNA. Red and blue regions
are those that can be differentially included in the mature
mRNA.Dotted lines above andbelow represent the two alternate
possible splicing patterns.
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Functional implications of alternative splicing to cancer

Historically, much of the work on the molecular basis of
cancer has focused on chromosomal abnormalities or ge-
netic mutations. However, even many years ago it was
clear that aberrations in splicing could contribute to dis-
ease phenotype in cancer through changing isoform ex-
pression of key enzymes in apoptosis, metabolism, and
cell signaling (see Chen and Weiss 2015; Anczukow and
Krainer 2016; Lee et al. 2016 for several recent compre-
hensive reviews). For example, alternate isoforms of pyru-
vate kinase M (PKM) are expressed in cancer versus
normal cells to regulate metabolism as well as impact
transcriptional programs (David et al. 2010; David and
Manley 2010; Luo and Semenza 2012). PKM is the rate-
limiting enzyme in the biosynthesis of pyruvate. The
gene encoding PKM contains two mutually exclusive ex-
ons (see Fig. 1) 9 and 10, whose inclusion results in the en-
coding of PKM1 or PKM2, respectively. PKM1 and PKM2
differ by 23 amino acids that impact the dimerization
state of the molecule and well as susceptibility to alloste-
ric regulators and posttranslational modifications (Luo
and Semenza 2012). Most adult tissues express PKM1,
while embryos and cancer cells express predominantly
PKM2. PKM2 expression is required for the aerobic glycol-
ysis that is part of the Warburg effect, as replacement of
PKM2 with PKM1 in cancer cells increases the alternate
pathway of oxidative phosphorylation and reduces cell
growth (Christofk et al. 2008). Importantly, the regulation
of PKM splicing is well understood to be regulated by a

delicate balance of the canonical hnRNPs PTB, hnRNP
A1 and hnRNP A2. When highly expressed, as is typical
in cancers, PTB, hnRNP A1, and hnRNP A2 bind to re-
pressive sequences around exon 9 to inhibit its use (David
et al. 2010; Chen et al. 2012), while lower levels of these
proteins shift to repression of exon 10 and release of
exon 9 repression (Chen et al. 2012). This concentration-
dependent activity of hnRNPs is consistent with the com-
binatorial control of splicing discussed above.
Splicing can also phenocopy loss-of-function genetic

mutations by decreasing the expression full-length pro-
teins. Classic examples of this have been observed in tu-
mor suppressor genes, as discussed below, such as TP53,
the gene that encodes the classic tumor suppressor p53
protein. More recently, studies in AML has found that ab-
errant inclusion of cryptic exon 9b in the gene encoding
EZH2 leads to a premature stop codon and reduced expres-
sion of the protein EZH2 (Kim et al. 2015; Rahman et al.
2020). Notably, while ∼5% of AML patients contain
loss-of-function coding mutations in EZH2, the patients
that include exon 9b do not appear to have additional
EZH2 mutations, therefore the altered splicing provides
an additional mechanism for disruption of this gene be-
yond genetic mutation. Recent work from our laborato-
ries has expanded on this theme, uncovering evidence
for altered splicing of transcripts frommany AML-related
genes, that occurs independently of changes in gene ex-
pression or mutation (Rivera et al. 2020). These studies
and others demonstrate the importance of considering
the splicing pattern of genes, in addition to common

A

B

Figure 2. General mechanism of splicing
and its regulation. (A) Spliceosome assem-
bly. The 5′ end of introns are defined by
the 5′ splice site (GU) and the 3′ end of in-
trons are defined by the branch point se-
quence (BPS), polypyrimidine tract (PPT),
and the 3′ splice site AG dinucleotides.
The U1, U2, U4, U5, and U6 represent the
snRNPs that assemble with substrate and
each other as shown. The NTC is an addi-
tional snRNA-free spliceosomal subunit.
The U2AF heterodimeric complex of a 65-
and 35-kDa subunit, and the SF1 protein,
recognize the 3′ endo of the intron prior to
recruitment of the U2snRNP. SF3B1 is a
component of the U2snRNP that makes di-
rect contact with the substrate. (B) Regula-
tion of alternative splicing. Enhancer
auxiliary elements are denoted in green for
exonic (ESE) or intronic (ISE) splicing en-
hancers. Silencer auxiliary elements are de-
noted in red for exonic (ESS) or intronic (ISS)
splicing silencers. The activities of these
auxiliary elements are often mediated
through binding of SR and hnRNPs, two
common families of RNA-binding proteins
described in the text and Figure 3.
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genetic and expression defects, in assessing the contribu-
tion of a given gene to a particular cancer type.

Beyond linking altered splicing of individual transcripts
to the development and progression of cancer, recent ad-
vances in RNA-seq, including increased depth of sequenc-
ing and better tools for data analysis, has revealed that
many cancers exhibit widespread alterations and variabil-
ity in splicing patterns (for some recent examples, see Jung
et al. 2015; Yoshimi et al. 2019; Calabrese et al. 2020; Phil-
lips et al. 2020). Some of this large-scale disruption of
splicing could be a consequence of dysregulated cell
growth, rather than causal in the pathology of cancer.
Nevertheless, the fact that genes involved in apoptosis,
metabolism and gene expression, including known onco-
genes and tumor suppressor genes, are often enriched
amongst the genes that exhibit altered splicing (Supek
et al. 2014; Chen andWeiss 2015; Jung et al. 2015; Phillips
et al. 2020), suggests that at least some of the altered splic-
ing contributes to metastatic growth. As described above,
splicing patterns impact gene function. Thus, deeper anal-
ysis of consistent splicing changes in cancer may uncover
additional, unrecognized, cancer-related genes for which
gain or loss of function is dictated by splicing rather
than mutation. In addition, it has been hypothesized
that broad dysregulation of splicing across much of the
transcriptome may, itself, cause toxicity as a generalized
stress to cell physiology, perhaps through sequestration
of RNA-binding proteins to aberrant intron-containing

transcripts or inhibition of transcription, the generation
of extensive R-loops in the genome and resulting replica-
tion stress (Lee et al. 2016; Chen et al. 2018; Nguyen et al.
2018).

Given the proven and potential functional links of alter-
native splicing to metastatic growth and disease patholo-
gy, an essential question then becomes what drives
widespread or specific changes in splicing in cancer? Cer-
tainly, in the case of individual genes, mutations in splice
sites or regulatory elements can lead to splicing alter-
ations. Moreover, given our current understanding of the
mechanisms that regulate splicing (see above), an obvious
model to explain broader splicing dysregulation is through
changes in the expression or function of specific RBPs. In-
deed, examples of both cis and transmutations driving al-
ternative splicing have been described in the literature, as
discussed below. However, additional mechanisms are
also emerging, including changes in the core splicing ma-
chinery or changes in the activity of RBPs through altered
expression or cell signaling.

Cis-acting mutations linked to alternative splicing
in cancer

Early studies to identify somatic mutations associated
with the development of cancer focused on missense,
nonsense, and frameshift mutations. However, as meth-
odology has improved an increasing number of mutations
have been found in cancer that alter splicing, including
those that hinder splicing of individual introns and those
that generate new splice sites (Supek et al. 2014; Jung et al.
2015; Jayasinghe et al. 2018). Indeed, one recent study sug-
gests that many cancer-related mutations that have previ-
ously been annotated as missense or nonsense, actually
alter splicing (Jayasinghe et al. 2018), while another study
demonstrated that synonymous mutations in cancer can
impact gene expression through altered splicing (Supek
et al. 2014). In all cases, these mutations impact splicing
through alteration of any of the splice-directing sequences
discussed above (Fig. 2), including the splice sites them-
selves as well as the enhancer or silencer sequences that
recruit RBPs (Supek et al. 2014; Jung et al. 2015; Jaya-
singhe et al. 2018).

Tumor suppressor genes, in particular, contain numer-
ous identified splice-altering mutations (Jung et al. 2015;
Jayasinghe et al. 2018). Most notably, almost 30 distinct
splice-altering mutations have been identified in TP53
across a diverse array of cancer types (Supek et al. 2014;
Jayasinghe et al. 2018). In one specific example, a recent
study found that in colorectal cancer, 5% of loss-of-func-
tionmutations in TP53 do not directly alter the coding se-
quence but rather cause altered splicing patterns (Smeby
et al. 2019). Common aberrant splicing patterns in TP53
include inefficient removal of introns (aka intron reten-
tion) or shifts in splice site usage that result in a frame-
shift. In either case, these splicing changes introduce
novel stop codons that truncate the protein. Interestingly,
many of splice-altering mutations fall in the region be-
tween exons 5 and 8 of TP53, which is also the primary lo-
cation for coding mutations. Therefore, the protein

Figure 3. Common splicing regulatory RNA-binding proteins.
Domain schematics for each factor are displayed. (RRM) RNA
recognition motif; (psRRM) pseudo-RRM; (RS) arginine/serine-
rich; (Zn) zinc finger; (Gly) glycine-rich region; (P) proline-rich re-
gion; (RGG) arginine/glycine/glycine repeat region; (RS) arginine/
serine-rich; (KH) K homology domain. Binding preferences for
each factor are specified for SRSF1 (Ray et al. 2013), SRSF2 (Kim
et al. 2015; Zhang et al. 2015), SRSF7 (Ray et al. 2013), hnRNP
A1 (Ray et al. 2013), PTB (Xue et al. 2009), hnRNP L (Hui et al.
2005), and hnRNP K (Klimek-Tomczak et al. 2004).
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products predicted to result from altered splicing closely
mimic those generated by nonsense and frameshift muta-
tions in this region (Smeby et al. 2019).
More broadly, intron retention is now recognized to be a

frequent consequence of somatic mutations across a wide
range of cancers and genes (Jung et al. 2015). This is per-
haps not surprising given the highly combinatorial and co-
operative nature of splicing described above, in which
mutation of any number of intronic or exonic sequences
can reduce the efficiency with which the spliceosome
can assemble on an intron to promote its removal (see
Fig. 2). Most instances of intron removal result in the in-
troduction of stop codons, thus resulting in loss of protein
function through protein truncation or nonsense-mediat-
ed decay of the mRNA (Ge and Porse 2014). It is worth
noting, however, that intron retention can be particularly
difficult to accurately quantify (see below) and thus the
true extent to which intron retention impacts cancer pa-
thology may still be over or underestimated.

Trans-acting mutations linked to alternative splicing
in cancer

Splicing patterns are sensitive not only to mutations in
cis-acting sequences, but also to mutations in the regula-
tory proteins that bind these sequences. Such trans-acting
mutations conceivably have a larger impact on cellular
splicing patterns than cis-mutations, as they can alter
the splicing of a whole network of target transcripts rather
than just dysregulate one splicing event. It is not surpris-
ing, therefore, that mutations in many RBPs have been
causally linked to cancer (for recent comprehensive re-
views, see Anczukow and Krainer 2016; Dvinge et al.
2016).
Perhaps the best-characterized example of a mutant

splicing regulatory RBP in cancer is the mutation of pro-
line 95 (P95) of the SR protein SRSF2 (previously known
as SC35), which has a prevalence of almost 50% in chronic
myelomonocytic leukemia (CMML) and is a common
mutation in many other leukemias and hematologic dys-
plasias (Yoshida et al. 2011; Anczukow and Krainer 2016;
Papaemmanuil et al. 2016). The P95 residues lay between
the RRM and RS domains of SRSF2 (Fig. 3). Mutation of
this residue, typically to histidine or arginine, impacts
the structural conformation of the RRM (Kim et al.
2015) and alters the sequence specificity of RNA binding
(Kim et al. 2015; Zhang et al. 2015). While the wild-type
protein binds both CCNG and GGNG motifs, proteins
with the P95H mutation bind preferentially to CCNG el-
ements (Kim et al. 2015; Zhang et al. 2015). Like most SR
proteins, SRSF2 commonly binds exonic sequences to en-
hance exonic inclusion, and regulates hundreds of genes
(Fu and Ares 2014). The shift in the binding specificity
for SRSF2 is thus predicted to change splicing patterns
by reducing inclusion of GGNG-containing exons and in-
creased inclusion of CCNG-containing exons. Indeed,
several studies have observed this predicted impact of
SRSF2 mutations on splicing, including changes in splic-
ing of transcripts encoding the transcription regulatory
proteins EZH2 and BCOR that have independently been

implicated in cancer (Kim et al. 2015; Zhang et al. 2015;
Rahman et al. 2020).
Mutations have also been widely observed in cancer in

core components of the spliceosome (Anczukow and
Krainer 2016; Inoue et al. 2016) including the small
subunit of the U2AF complex (U2AF1) and a substrate-
binding subunit of the U2 snRNP (SF3B1). Perhaps sur-
prisingly, mutations in these proteins do not cause a com-
plete transcriptome-wide inhibition of splicing but rather
exhibit substrate-specific effects that range from intron re-
tention to skipping of specific exons or use of alternative
3′ splice sites (see Fig. 1). These specific effects speak to
the combinatorial nature of splicing regulation, in which
even individual core components of the spliceosome can
be dispensable if other features of the assembly are opti-
mized (Park et al. 2004; Fu and Ares 2014).
The two most commonly mutated residues of U2AF1

are serine 34 (S34) and glutamate 157 (Q157), both of
which fall in the Zn knuckles of the protein. As has
been observed for P95 mutations in SRSF2, both of these
mutations of U2AF1 alter its RNA sequence specificity,
thus shifting the relative recognition of alternate 3′ splice
sites (Brooks et al. 2014; Ilagan et al. 2015; Okeyo-Owuor
et al. 2015; Fei et al. 2016). By comparison, the functional
consequence of the SF3B1 mutations, which fall in the
HEAT domain repeats, are less well understood; although,
this protein is also involved in 3′ splice site recognition as
part of the U2 snRNP (see Fig. 2) and thus, not surpris-
ingly, mutations in SF3B1 also result in alternate usage
of cryptic 3′ splice sites (Darman et al. 2015; Zhang
et al. 2019). Recently, compelling data has implicated a
previously unappreciated protein–protein interaction be-
tween SF3B1 and SUGP1 as critical to the functional ef-
fects of the HEAT repeat mutations of SF3B1 (Zhang
et al. 2019). SUGP1 is an adaptor protein involved in
3′splice site binding by theU2 snRNP. It directly interacts
with SF1 and the U2AF complex, both of which are in-
volved in initial recognition of the 3′splice site, and acti-
vates an unknown helicase to promote release of SF1
and binding of the U2 snRNP to the substrate (Zhang
et al. 2019). SF3B1, a component of the U2 snRNP, also in-
teracts with SUGP1 and recruit it to the 3′ splice site re-
gion. Common cancer-causing mutations within the
HEAT repeats of SF3B1, such as the K700E mutation, dis-
rupt this interaction (Zhang et al. 2019). Remarkably,
knockdown of SUGP1 ormutation of the helicase-activat-
ing domain phenocopy mutant SF3B1, while overexpres-
sion of SUGP1 partially rescues the splicing defect
caused by K700E SF3B1 (Zhang et al. 2019). Moreover,
mutations of SUGP1 that disrupt its function have also
now been observed in cancer and phenocopy the splicing
defect observed in SF3B1-mutant cells (Liu et al. 2020).
Although the data described above demonstrates that

mutations in RBPs and splicing factors can lead to broad
programs of altered splicing, it is still not fully clear exact-
ly how suchwidespread changes in splicing lead to pathol-
ogy. A simplemodel is that disrupted splicing of a few key
transcripts leads to phenotypic changes that drive metas-
tasis (see section on functional relevance below). Howev-
er, there is little overlap in the genes that are dysregulated
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by mutations in the various RBPs, even in the case of pro-
teins such as SRSF2, U2AF1, and SF3B1, all of which im-
pact 3′ splice site selection and are commonly mutated in
the same disease (MDS) (Pellagatti et al. 2018). It is possi-
ble that while these protein mutations impact distinct
genes they impinge on similar pathways to give a similar
phenotype (Pellagatti et al. 2018). Alternatively, as men-
tioned above, simply the burden of abundant mispro-
cessed transcripts may be deleterious to normal cellular
growth and trigger cell stress response pathways.

Altered expression of splicing regulatory proteins
in cancer

Given that splicing is regulated through a balance of com-
peting factors (Fig. 2), it is not surprising that in addition to
mutations of RBPs, overexpression or underexpression of
RBPs has also been shown to drive pathogenic changes
in splicing. Indeed, the splicing of PKM, described above,
is determined by the expression level of PTB, hnRNP
A1, and hnRNP A2, all of which are misregulated in sev-
eral cancers (AnczukowandKrainer 2016). One of the first
RPBs shown to function as an oncogene was SRSF1 (orig-
inally known as ASF/SF2), which was found to be overex-
pressed in many solid tumors (Watermann et al. 2006;
Karni et al. 2007; Das et al. 2012). Importantly, it has
been shown in experimental systems that even modest
overexpression of SRSF1 is sufficient to promote transfor-
mation of immortalized fibrobasts, human epithelial cells
and organoid cultures (Karni et al. 2007; Anczukow et al.
2012; Anczukow et al. 2015). Similar functional conse-
quences have now been observed for many other splicing
factors, especially SR and hnRNP proteins (Anczukow
and Krainer 2016). In some cancers, chromosomal rear-
rangements lead to an increased copy number of genes en-
coding RBPs (Karni et al. 2007), while in other instances
increases in transcription factors such as Myc have been
shown to drive increased transcription of specific RBP
genes leading to increased protein expression (Das et al.
2012).

Other sources of alternative splicing in cancer

It is important to note that alternative splicing does not
happen in a vacuum, but rather is mechanistically tied
to other cellular processes that are often altered in cancer,
such as cell signaling and transcription (Heyd and Lynch
2011; Braunschweig et al. 2013). Numerous studies have
demonstrated that oncogenic signaling pathways such as
JNK, MEK, and AKT alter the expression and/or activity
of splicing regulatory RBPs (Weg-Remers et al. 2001; Mat-
ter et al. 2002; Blaustein et al. 2005; Pelisch et al. 2005;
Lynch 2007; Zhou et al. 2012; Martinez et al. 2015). For
example, phosphorylation of SR proteins, which regulates
their splicing activity, has been shown to be enhanced in
the presence of growth factors such as EGF through activa-
tion of AKT (Blaustein et al. 2005; Zhou et al. 2012). AKT
can directly phosphorylate SR proteins such as the above-
mentioned SRSF1, and also activates the SR-protein ki-
nase SRPK1 to promote additional phosphorylation

(Blaustein et al. 2005; Zhou et al. 2012). Consistent with
the pathologic implications of SRSF1 overexpression in
cancer described above, overexpression of SRPK1 is also
widely observed in cancers, where it leads to hyperactiva-
tion of SR proteins such as SRSF1 and drives altered
splicing programs that are functionally implicated in
tumorgenesis (Hayes et al. 2007; Corkery et al. 2015).

Another post-translational modification that controls
RBP function is arginine methylation, which typically oc-
curs within RGG domains of these proteins. Methylation
of RBPs have been observed to regulate subcellular locali-
zation, protein–protein, and protein–RNA interactions
(Bedford and Richard 2005; Sinha et al. 2010; Radzisheus-
kaya et al. 2019). In particular, the RBPmethyltransferase
PRMT-5 has been shown be required for the proper splic-
ing of many transcripts encoding proteins related to cell
cycle progression and tumorgenesis (Bezzi et al. 2013;
Braun et al. 2017), while inhibitors to PRMT-5 have utility
as anticancer agents (Wang et al. 2018; Fong et al. 2019). A
recent investigation specifically identified several targets
of PRMT-5 methylation in AML, again including the
aforementioned SRSF1 (Radzisheuskaya et al. 2019). The
authors went on to demonstrate that methylation con-
trols the splicing activity of SRSF1 through altering pro-
tein–protein and protei–RNA interactions. Inhibition of
PRMT-5 or mutation of methylated residues in SRSF1 re-
sulted in changes in alternative splicing and growth inhi-
bition of AML cell lines (Radzisheuskaya et al. 2019), thus
providing at least one definitive link between RBP meth-
ylation, splicing, and cancer progression.

Changes in transcription elongation rate and epigenetic
marks have also been shown in many model systems to
impact splicing patterns. In what is known as the “win-
dow of opportunity” model, elongation speed is thought
to impact splice site choice by controlling the time be-
tween when two competing splice sites are transcribed
and are available to bind the spliceosome (Fong et al.
2014). In the simplest case, the longer the lag between
transcription of a suboptimal splice site (i.e., one not
bound efficiently by splicing factors) and a competing op-
timal splice site, the more the suboptimal site is used.
Similarly, epigenetic marks, including histone and DNA
modifications, have been shown to determine splicing
patterns by pausing polymerase or recruiting RBPs to
the vicinity of the nascent transcript, both of which im-
pact the association of RBPs nearby splice sites (Luco
et al. 2010; Shukla et al. 2011; Braunschweig et al. 2013).
Interestingly, a recent study found that AML-associated
mutations in IDH2 result in widespread changes in splic-
ing (Yoshimi et al. 2019). Mutations in IDH2 increase
DNAmethylation through generation of a competitive in-
hibitor of the TET enzymes (Dang et al. 2009). The resul-
tant hypermethylation of DNA alters the kinetics of
transcription elongation, giving rise to changes in alterna-
tive splicing as predicted from previous studies (Marina
et al. 2016). Interestingly, mutations in IDH2 were found
to be highly correlated with the above-described P95 mu-
tations in SRSF2, and patients harboring the doublemuta-
tion exhibited a profile of alternative splicing distinct
from that observed with either individual mutation alone
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(Yoshimi et al. 2019). Aberrant splicing of one of these
unique targets, INT3, was specifically shown to be due
to the combined impact of increased methylation of the
gene and the altered binding specificity of SRSF2 (Yoshimi
et al. 2019). The functional impact of this combined effect
was emphasized by the demonstration that overexpres-
sion of wild-type INT3 in patient cells partially rescued
the phenotypic defect of the IDH2/SRSF2 double muta-
tion (Yoshimi et al. 2019).

Current questions and challenges in alternative splicing
and cancer

While evidence abounds that alternative splicing is altered
in cancer and can contribute to pathology,many questions
remain. Most notably, current work is largely focused on
our ability to identify which among the many changes in
splicing observed in cancer are most relevant for disease
and in determining how to use our knowledge of splicing
to develop and guide improved treatments for this disease.
While much remains to be done in both of these areas, ex-
citing progress has beenmade even in the past year or two.

Identifying functionally relevant splicing aberrations in
cancer

With the increase in ease and depth of RNA-Sequencing it
is becoming commonplace to analyze transcriptomic var-
iation in any cancer type of interest. However, choice of
analysis pipeline and thresholds of detection differ widely
between studies and can dramatically impact conclu-
sions. Pipelines that are broadly trusted in the splicing
field include rMATS (Shen et al. 2014) andMAJIQ (Vaque-
ro-Garcia et al. 2016), both of which have been extensively
used and validated in cancer studies (Sotillo et al. 2015;
Black et al. 2018; Park et al. 2018; Phillips et al. 2020), as
well as JUM (Wang and Rio 2018), which is particularly
useful for quantifying intron retention and Leafcutter (Li
et al. 2018). Even with an optimal pipeline, experimental
design and choice of analysis parameters are critical. The
accuracy of splicing quantification is highly dependent on
sequencing depth, with a minimum of 60 million reads
serving as an accepted standard in the field (Shen et al.
2012; Vaquero-Garcia et al. 2016). A second broad stan-
dard in the field is reporting only those splicing events
that exhibit a difference of 10%–20% between samples
as ameaningful change, as this is seen as the limit of accu-
rate detection and validation in orthogonal assays (Shen
et al. 2014; Vaquero-Garcia et al. 2016), although this
does not always guarantee functional significance.
It is worth noting, however, that even with these estab-

lished standards at least three major challenges remain in
the analysis of splicing across cancer samples. The first is
that the accuracy with which one can assess intron reten-
tion remains controversial and challenging (Wang and Rio
2018; Broseus and Ritchie 2020) as mapping of reads
across introns can be inaccurate due to the often repetitive
nature of intronic sequences. Moreover, careful cellular
fractionation is required to isolate nascent transcripts

(i.e., those that have not completed splicing) from those
that retain introns in the final processed transcript (Bhatt
et al. 2012). Some of the difficulties with regard to intron
retention will be helped by increased use of long-read se-
quencing, as has been demonstrated recently in a study
of SF3B1 mutations (Tang et al. 2020); however, this tech-
nology is not yet easily scaled for large patient cohorts.
A secondmajor challenge is that while batch correction

is recognized as critical in gene expression analysis (Gilad
and Mizrahi-Man 2015), and has been observed as a con-
founding factor in quantifying differential splicing (Van
Nostrand et al. 2018), there currently exists no publicly
available methods for batch correction in splicing analy-
sis. This lack of batch correction is particularly an issue
as the field seeks to leverage the extensive sequencing
data that exists for large patient cohorts and to compare
different cancer types using data from different studies. Fi-
nally, identifying cancer-relevant splicing events is also
hindered by difficulties in defining and isolating a relevant
control sample. Some cancers, such as AML, are consid-
ered to be driven through aberrant cellular development
and thus do not have a corresponding “normal” cell type
(Quek et al. 2016). Alternatively, cancers in complex or-
gans such as brain are derived from a single cell type,
while the surrounding “normal” tissue is more heteroge-
neous. Therefore, cautionmust be used in claimingwhich
splicing changes are correlated with disease and which
may simply reflect cell type variability.
Even when it is clear that robust differences in splicing

exist in cancer samples, a major hurdle remains in deter-
mining the functional relevance of these splicing changes
to disease pathology (Lynch 2015). Historically, the study
of the functional impact of splicing on cancer has involved
the analysis of individual genes on a case-by-case basis,
such as those studies described above. While impactful,
such studies are both slow and biased to investigating
genes already implicated in cancer biology. Excitingly,
several groups are starting to leverage the power of
CRISPR-based screening to carry out more unbiased anal-
ysis of splicing and its impact on disease (Gonatopoulos-
Pournatzis et al. 2018; Thomas et al. 2020). Specifically
with respect to cancer, Bradley and colleagues (Thomas
et al. 2020) recently described use of a CRISPR-based
method they term pgFARM (paired guide RNAs for alter-
native exon removal) to specifically force the removal of
>500 highly conserved poison exons (those that introduce
premature stop codons). They applied this screen to lung
adenocarcinoma xenographs to show that ∼10% of the
poison exons targeted appear to promote tumor growth,
while another 10% inhibit growth (Thomas et al. 2020).
In a more directed study, CRISPR-mediated knock out
of 235 genes for which SF3B1 mutations result in poi-
son-exon inclusion revealed the functional relevance of
the chromatin-modifying protein BRD9 (Inoue et al.
2019). Notably, direct knockout of BRD9 is sufficient to
transformation in a number of cancer models, while pre-
vention of the use of the BRD9 poison exon in SF3B1 mu-
tant cells suppressed tumorgenesis (Inoue et al. 2019).
Expanding such multiplexed CRISPR methodology to
other groups of splicing events and other cancers holds
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tremendous promise for expanding our understanding of
the true extent to which splicing dysregulation is an ac-
tive contributor to the development and progression of
metastatic disease.

Leveraging alternative splicing to improve cancer therapy

Finally, beyond simply understanding how splicing may
drive or shape cancer, identifying and characterizing splic-
ing dysregulation in cancer holds significant value in the
diagnosis and treatment of disease. In terms of therapy,
as we observemore andmore dysregulated splicing in can-
cer, it has not escaped notice that cancer-specific splicing
events may result in tumor-specific “neoepitopes” that
can be targeted by immunotherapy (Jayasinghe et al.
2018; Kahles et al. 2018; Smith et al. 2019). On the other
hand, understanding potential alternative splicing pat-
terns is critical to predict or understand mechanisms by
which cancer cells may evade immunotherapy (Sotillo
et al. 2015). Moreover, in those cases in which specific
splicing events have been shown to promote tumorgene-
sis, such as the examples of PKM, EZH2, INT3, and
BRD9 mentioned above, it is increasingly feasible to cor-
rect aberrant splicing patterns through the use of anti-
sense oligonucleotides (Mogilevsky et al. 2018; Scharner
et al. 2019). Several detailed reviews of such approaches
for the therapeutic targeting of cancer have been pub-
lished recently (Lee and Abdel-Wahab 2016; Urbanski
et al. 2018; Smith et al. 2019).

In addition to expanding our therapeutic approaches to
cancer, analysis of splicing potentially adds an important
further level of information to the characterization of pa-
tients that may inform prognosis or drug sensitivity. Sev-
eral recent studies have correlated splicing patterns with
disease outcome to demonstrate that particular splicing
events have prognostic value with regard to survival and
disease progression (Tian et al. 2019; Anande et al. 2020;
Xie et al. 2020). Even more excitingly, two studies have
demonstrated a correlation between expression of RBPs
and/or specific splicing patterns in leukemia, with sensi-
tivity to specific chemotherapeutics (Sciarrillo et al.
2020; Sinnakannu et al. 2020). If validated in broader stud-
ies, the potential for alternative splicing analysis, either
alone or coupled with gene expression, to differentiate re-
sponders from nonresponders of various therapies, would
be of tremendous value in guiding effective personalized
medicine approaches in cancer treatment.

In sum, several decades of work have culminated in the
clear recognition in the past few years that alternative
splicing is highly dysregulated in cancer and contributes
to at least some of the disease pathology. Many questions
yet remain, however, such as howmuch of the alternative
splicing in cancer is “real” versus detection “noise” and
which splicing changes are most relevant for cancer diag-
nosis and disease. In addition, while recent work has sug-
gested the utility of splicing in guiding therapeutics, we
still have a long way to go to prove we can leverage splic-
ing differences between cancer and normal tissues to treat
patients or even to meaningfully predict what patients
will respond best to which therapy. Addressing such ques-

tions will involve significant collaboration between basic
scientists and clinicians. The good news is that the recent
developments in methodology and insight provide every
confidence that we are making good progress toward an-
swering these questions and developing such collabora-
tions and thus are one step closer to the goal of defeating
this devastating disease.
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