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Abstract
Alternative splicing, the process of removing 
introns and joining exons of pre-mRNA, is 
critical for growth, development, tissue 
homeostasis, and species diversity. 
Dysregulation of alternative splicing can initi-
ate and drive disease. Aberrant alternative 
splicing has been shown to promote the “hall-
marks of cancer” in both hematological and 
solid cancers. Of interest, recent work has 
focused on the role of alternative splicing in 
prostate cancer and prostate cancer health dis-
parities. We will provide a review of prostate 
cancer health disparities involving the African 
American population, alternative RNA splic-
ing, and alternative splicing in prostate cancer. 
Lastly, we will summarize our work on dif-
ferential alternative splicing in prostate cancer 
disparities and its implications for disparate 
health outcomes and therapeutic targets.
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�Introduction

Alternative splicing of pre-mRNA plays a major 
role in both normal development and cancer pro-
gression. By hijacking and leveraging the com-
plex and tightly regulated process of alternative 
splicing, cancer cells are able to acquire many of 
the “hallmarks of cancer” [1]. Prostate cancer 
(PCa), the most diagnosed cancer in men in the 
USA, is no exception. There have been several 
comprehensive review articles detailing the 
important role of alternative splicing in PCa pro-
gression and aggressiveness [1–7]. These 
reviews, however, do not address the critical topic 
of alternative splicing in PCa health disparities. 
PCa exhibits dramatic race/ethnic disparities as 
African American (AA) men have significantly 
higher risk, morbidity, and mortality compared to 
European American (EA) men. In this review, we 
will summarize some of the major molecular 
mechanisms and alternative splice events in PCa, 
as well as introduce our recent study elucidating 
the important role of differential alternative splic-
ing in mediating PCa disparities.

�Prostate Cancer Health Disparities

PCa is the most diagnosed cancer in men in the 
USA and accounts for over one-fifth of all newly 
diagnosed cancers in men [8]. More than 164,000 
new cases are diagnosed each year, and PCa is 
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the second leading cause of male-cancer-related 
deaths annually. PCa also has the highest herita-
bility of any cancer at 10% [9]. In addition to 
family history, well-established risk factors of 
PCa include Lynch syndrome, age, and race/eth-
nicity [10, 11]. Despite increased screening and 
overall decreasing mortality rates of PCa, AA 
men have significantly higher rates of PCa inci-
dence, high-risk cancer, and mortality [12]. AA 
men are 1.7 times more likely to be diagnosed 
with PCa and have a 2.4 times greater mortality 
rate compared to EA men [13]. This mortality 
ratio is the largest of any other malignancy in the 
USA [14]. Additionally, PCa appears to develop 
at an earlier age in AA men who present with sig-
nificantly higher prostate-specific antigen (PSA) 
plasma levels, more clinically advanced disease, 
and develop higher grade metastatic disease at a 
three- to four-fold greater rate [15–18]. This 
health disparity has been attributed to epidemio-
logical differences in socioeconomic status, 
health-seeking behavior, access to healthcare, 
and treatment plans [15, 16]. Even after adjusting 
for clinical and epidemiological factors, however, 
AA men still have significantly higher occur-
rence and mortality rates [19–21]. This disease 
disparity suggests that genetic ancestry plays an 
important role in PCa incidence, progression, and 
aggressiveness.

�Molecular Differences in African 
American Prostate Cancer

Multiple studies have shown genetic and biologi-
cal differences in prostate tumors in AA and EA 
patient populations. TMPRSS2-ERG gene fusions 
and PTEN deletions were once thought to be 
characteristic of all prostate tumors. However, 
recent reports have shown that these genetic 
alterations occur at a much lower frequency in 
AA PCa. Only 20–30% of AA PCa tumors con-
tain TMPRSS2-ERG gene fusions compared to 
40–50% in EA patients [22], and loss of PTEN 
was observed in 34% of EA men and only 18% of 
AAs [23].

Genome-wide association studies (GWAS) 
have identified multiple loci that confer a greater 

risk for PCa in AA men compared to EA men. 
The rs1447295 variant at the 8q24 locus has been 
associated with earlier diagnosis and increased 
risk in AA patients [24]. Six other variants 
(rs16901979, rs7000448, rs6983267, 
rs111906932, rs114798100, and rs111906923) 
have also been linked to increased PCa risk in AA 
men [25, 26]. African ancestry-specific PCa risk 
alleles have been identified at chromosomes 
13q34 and 22q12 [27]. Additionally, a risk vari-
ant at the 17q21 locus has been found more fre-
quently in men of African descent compared to 
other populations [28]. Many of these alleles 
reside within long coding RNA sequences.

Single nucleotide polymorphisms (SNPs) in 
genes that regulate androgen and testosterone 
metabolism have also been linked to PCa dispar-
ity in AAs. Polymorphisms in the cytochrome 
p450 enzyme CYP17 increase the risk of PCa in 
AA men by 60% [29]. A homozygous “CC” gen-
otype in the 5′ promoter region (rs743572) in AA 
men is clinically associated with advanced PCa 
disease [30].

In terms of the cancer transcriptome, AA PCa 
has been shown to exhibit increased expression 
of genes that promote growth (e.g., EGFR and 
AKT1) and metastasis (e.g., CXCR4 and BMP2) 
compared to EA PCa [31–33]. For the IL-6 gene, 
a race-specific and anti-correlated expression 
pattern is observed during PCa progression. 
Namely, EA PCa has increased expression of IL-
6 compared to EA normal prostate, while IL-6 is 
downregulated in AA PCa compared to AA nor-
mal prostate [34]. Exogenous treatment with IL-6 
downregulated TP53  in AA PCa cell lines and 
upregulated expression of a splice variant of 
MBD2, promoting a cancer stem-like cell pheno-
type [34]. Additionally, AA PCa exhibits an 
increased inflammatory signature, including 
increased expression of inflammatory genes (e.g., 
CCR7) and more frequent copy number varia-
tions of genes related to the immune response 
(e.g., IL-27, ITGAL, and ITGAM) [31, 33, 35, 
36].

AA PCa cell lines and patient specimens have 
distinct miRNA profiles compared to EA PCa. 
AA PCa cell lines have increased expression of 
hsa-miR-26a compared to EA cell lines derived 
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from tumors of similar stage and grade [37]. 
Theodore et  al. [38] showed decreased expres-
sion of five miRNAs due to hypermethylation of 
CpG islands within promoter regions in AA PCa. 
Of particular interest, miR-152 had significantly 
lower expression in AA patients versus EA 
patients (in both non- and malignant tissue). 
Ectopic over-expression of miR-152 in PCa cell 
lines downregulated expression of DNMT1 by 
binding to the 3′UTR of the mRNA, leading to 
decreased proliferation, migration, and invasion.

Ten miRNAs have been identified that exhibit 
enriched or depleted expression in AA versus EA 
PCa [39]. These miRNAs, including miR-133a 
(AA depleted), miR-513c (AA depleted), and 
miR-96 (AA enriched), were computationally 
predicted and experimentally shown to target key 
genes known to promote cancer, such as MCL1, 
STAT1, and FOXO3A. Ectopic treatment of PCa 
cell lines with AA-depleted miRNA mimics (for 
miR-133a and -513c) or AA-enriched miRNA 
antagomirs (for miR-96) resulted in decreased 
proliferation, invasion, and caspase activity. In 
agreement with these in vitro findings, AA PCa 
specimens showed significantly increased expres-
sion of MCL-1 and STAT1 and decreased expres-
sion of FOXO3A compared to EA PCa samples.

The role of epigenetics in PCa disparities is 
also being explored. Using quantitative pyrose-
quencing, Kwabi-Addo et al. [40] and Devaney 
et  al. [41] revealed increased gene promoter 
methylation in AA PCa specimens compared to 
EA PCa. RARβ2, SPARC, TIMP3, NKXX2-5, 
ABCG5, and SNRPN genes were all found to be 
highly methylated in AA PCa samples and cell 
lines. Tang et  al. [42] identified an association 
between increased RARB and APC methylation 
and increased PCa risk in AA men.

�Alternative Splicing

An area of research that has recently garnered 
considerable attention with the advent of genome-
wide approaches (e.g., exon arrays and RNA-
Seq) is the role of alternative splicing (AS) in 
cancer and cancer disparities. AS is the major 
mechanism for post-transcriptional regulation of 

gene expression, mRNA diversity, and protein 
modification. During AS, introns are typically 
excised from the precursor mRNA (pre-mRNA) 
and the remaining exons can be joined together in 
different combinations to produce multiple 
unique mature mRNA transcripts from a single 
gene. It is estimated that over 90% of human 
genes transcribe pre-mRNAs that undergo AS 
with an average of five unique mRNA variants 
per coding gene. This generates a proteomic 
complexity of ~100,000 distinct protein isoforms 
from ~20,000 protein-coding genes. Types of 
splicing events include exon skipping (removal 
of specific exons), cryptic exon expression, selec-
tion between two mutually exclusive exons, exon 
scrambling, intron retention, alternative 5′ or 3′ 
splice sites (altering boundaries between introns 
and exons), alternative promoters (which can 
alter reading frames), and alternative polyadenyl-
ation sites (Fig. 1). This is a highly complex and 
flexible system that responds to cell type, tissue 
type, developmental stage, physiological system, 
and disease state.

AS generates a variety of protein isoforms 
with different sequences and altered functions 
from the same gene, promoting diversification of 
the transcriptome and proteome at both the spe-
cies and interspecies levels. Although not all AS 
variants are functional, many can have similar or 
different functions, different stability kinetics, 
alternative subcellular localizations, or encode 
isoforms that are susceptible to different post-
translational modifications (e.g., phosphorylation 
and ubiquitination). By altering the repertoire of 
splice variants within a cell in a time- and/or 
spatial-dependent manner, AS can lead to protein 
isoforms with different interactome networks by 
promoting or inhibiting different DNA–protein, 
protein–protein, protein–ligand, and protein–
drug interactions.

Splicing events are regulated by cis-acting 
sequences (splice sites, splicing enhancers or 
silencers, and branch points) located within the 
pre-mRNA and 30–500 trans-acting factors of 
the spliceosome, including small nuclear RNAs 
(snRNAs) and RNA-binding proteins (RBPs). 
AS is also strongly influenced by RNA poly-
merase kinetics, chromatin modifications, 
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chromatin structure, epigenetic modifications 
(e.g., DNA and/or RNA methylation), nucleo-
some occupancy, location of cis-elements, sec-
ondary structure of pre-mRNA, and sequence 
editing [43, 44].

Cis-regulatory sequences are divided into two 
groups: splice sites that are required for spliceo-
some binding and binding sites for other RBPs. 
Sequences within exons (5′ and 3′ splice sites) 
and within introns (branch point and polypyrimi-
dine sequences) designate exon–intron boundar-
ies for the spliceosome. These splice sites can be 
constitutive (always recognized as splice sites) or 
alternative. The strength of a splice site is impor-
tant for splicing accuracy and frequency. Strong 
splice sites contain consensus sequences that are 
well recognized by the spliceosome, thereby 
undergo splicing at a high rate. Weak splice sites 
rely on cis-acting sequences and cell context for 
splicing to occur. Splicing regulatory elements 
(SREs) include intronic or exonic splicing 
enhancers (ISE, ESE) or silencers (ISS, ESS). 

These provide binding sites for trans-acting fac-
tors, such as splicing factors (SF).

The spliceosome is composed of five snRNPs 
and over 200 SFs and auxiliary proteins. SnRPs 
(U1, U2, U4, U5, and U6) are the core compo-
nents of the spliceosome ribozyme and are 
responsible for recognizing splice sites. The spli-
ceosome also contains DEAD/H-box RNA-
dependent ATPases that allow for changes in 
RNA–RNA base pairing [45]. A splicing event 
begins with U1 binding, the 5′ splice site, the 
SF3b complex within U2 binding, the branch 
point site, and U2AF1 and U2AF2 auxiliary pro-
teins binding, the 3′ splice site. U1 and U2 inter-
act to form the pre-spliceosome. Next, U4, 5, and 
6 are recruited, the spliceosome rearranges, U1 
and U4 are released, and the spliceosome 
becomes activated. In the first splicing reaction, 
the phosphodiester bond at the 5′ splice site is 
cleaved via nucleophilic attack from the adenos-
ine in the branch point site. The intron then 
forms  an intermediate lariat structure, and the 
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Fig. 1  Schematic representations of different types of 
splicing events. Exons are depicted as rectangles and 
introns as solid lines. Broken lines represent splicing 

events. Abbreviations: Poly(A), polyadenylation site. 
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phosphodiester bond at the 3′ splice site is 
cleaved via nucleophilic attack by the free 3′ 
hydroxyl group on the phosphate of the 3′ splice 
site. Finally, the two exons are ligated together 
and the intron lariat is released [46].

Trans-acting RBPs, such as SFs and auxiliary 
proteins (e.g., SF1 and U2AF), complex with the 
spliceosome to add additional flexibility and 
complexity to the splicing process. RBPs bind 
cis-regulatory sites to promote or inhibit splice 
site recognition which is dependent on location 
of binding (e.g., within intronic or exonic 
sequences, upstream of an alternative exon, and 
within a downstream intron), cellular context, 
regulation by other RBPs, and expression level of 
the RBP [47, 48]. The most well-studied trans-
acting factors are the serine/arginine-rich SF 
(SRSF) and heterogeneous nuclear ribonucleo-
protein particle (hnRNP) families. SRSFs are 
composed of two RNA recognition motifs at the 
N-terminus and a serine-rich domain at the 
C-terminus that is involved in protein–protein 
interactions. SRSFs are generally considered 
positive splicing regulators. They promote exon 
inclusion by preferentially binding to purine-rich 
ESE or ISE sequences and recruiting U1 to 5′ 
splice sites and U2AF to 3′ splice sites [49]. 
SRSF protein kinases (SRPKs) and CDC-like 
kinases (CLKs) activate SRSFs by phosphoryla-
tion in the cytoplasm or nucleus, respectively. 
The hnRNP family is largely classified as nega-
tive splicing regulators. Like SRSFs, they have 
two RNA recognition motifs; however, their pro-
tein–protein interaction domains are unstruc-
tured. HnRNPs promote exon skipping by 
binding ESS and ISS sequences and inhibiting 
recognition of splice sites. They may also prevent 
spliceosome assembly after 3′ splice site recogni-
tion via steric hindrance of snRNPs.

SRSFs and hnRNPs have more nuanced roles 
than exclusively positive or negative splicing 
regulators [50, 51]. Their effect on splicing can 
depend on several factors, such as the location of 
the binding site. For example, SRSFs enhance 
splicing when binding to sequences within exons 
and repress splicing when bound to introns [49]. 
The functional consequences of SF binding can 
also be influenced by cell differentiation, cell 

fate, tissue identity, organ development, and dis-
ease state [52].

�Alternative Splicing and Cancer

All components of the splicing process are tightly 
regulated, and any alteration can lead to disease 
causation and progression. The involvement of 
splicing dysregulation in oncogenic processes is 
known to activate oncogenes and inactivate tumor 
suppressors. Gene expression program changes 
via aberrant splicing in cancer cells select for 
functional changes that promote the malignant 
progression of the tumor [53]. Modifications in 
the splice sites or splicing machinery can lead to 
DNA damage, genomic instability, changes in 
epigenetics, alterations in transcriptional elonga-
tion, and changes in gene expression, thus help-
ing to promote any of the “hallmarks of cancer” 
[54–56]. Splice variants are being used to charac-
terize tumor subtypes and are targets of interest 
for cancer biomarkers and therapeutics [57]. Due 
to the potential for functional differences, indi-
vidual AS variants need to be studied separately 
to better understand each variant’s role in disease 
progression. In addition, an understanding of the 
overall splicing changes, as a change in one 
trans-acting factor can affect the splicing of hun-
dreds of transcripts, will be instrumental in iden-
tifying the role of AS in cancer.

The Cancer Genome Atlas (TCGA) data have 
been used to identify genome-wide AS events in 
cancer versus normal tissues and between differ-
ent tumor subtypes and stages. Globally, AS 
events occur more frequently than somatic muta-
tions in driver genes. AS also occurs more often 
in cancer-related pathways and in genes that are 
frequently mutated in cancers [58, 59]. Analysis 
of TCGA data has also identified key somatic 
mutations in splice sites that affect exon–intron 
boundaries, resulting in changes in expression of 
oncogenes and tumor suppressors in cancer [60]. 
In general, splicing of proto-oncogenes generates 
constitutively active or gain of function variants 
that confer an increased oncogenic advantage. 
Synonymous mutations, which can alter splice 
sites, are also more highly enriched in oncogenes. 
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Conversely, AS of tumor suppressors can intro-
duce premature stop codons and altered reading 
frames, resulting in decreased protein levels via 
nonsense-mediated decay or decreased function. 
Cancer cells have increased levels of intron reten-
tion in tumor suppressor transcripts which pro-
mote premature termination, nonsense-mediated 
decay, and tumor suppressor inactivation [61–
63]. Mutations in splice sites or splice site choice 
can result in isoform switching or generation of 
novel splice variants [64]. Thus, somatic muta-
tions in key genes or splice sites involved in AS 
may be a major driver in many cancers.

Differential splicing can generate variants 
with opposing functions or shift the balance 
between two isoforms. For example, while the 
full-length isoform of caspase-9 is pro-apoptotic, 
a shorter isoform missing exons 3–6 is anti-
apoptotic and has been identified in cancers, 
including non-small cell lung carcinoma [65]. 
SRSF1, which is overexpressed in many cancers, 
binds within intron 6 to promote inclusion of 
exons 3–6 to generate the long variant [66]. 
Conversely, hnRNPL binds an ESS in exon 3 and 
induces splicing exclusion of exons 3–6 to gener-
ate the short variant [67]. Kinases such as AKT 
are predicted to phosphorylate and activate both 
SRSF1 and hnRNPL [68]. The known tumor sup-
pressor gene TP53 has over seven different splice 
variants that have been detected in a variety of 
cancers [69]. Splicing events are concentrated in 
the 5′ and 3′ ends and result in alternative pro-
moter selection, exon skipping, intron retention, 
alternative 5′ and 3′ splice sites, or alternative 
reading frames. These P53 isoforms can inhibit 
full-length P53, impair growth or senescence 
suppression, and are associated with decreased 
patient survival.

Frequently, tumors display alterations in 
trans-acting factors. Perturbations in the expres-
sion level, localization, activity, or degradation of 
RBPs, SFs, or their upstream regulators can vary 
dramatically between different cancers. While 
hnRNPA2/B1 is an oncogenic driver in glioblas-
toma via splicing of tumor suppressors IG20 and 
MST1R (RON) [70], RBM4 controls apoptosis, 
proliferation, and migration as a tumor suppres-
sor in a variety of other solid tumors [71]. The 

most common SF mutations in hematological 
and solid tumors are heterozygous missense gain 
or alteration of function mutations in SF3B1, 
U2AF1, and SRSF2 and homozygous loss of 
function mutations in ZRSR2 [54, 72]. SF3B1 is a 
member of the SF3b complex within the U2 
snRNP of the spliceosome. Mutations have been 
observed in the 3′ splice site of the SF3B1 pre-
mRNA resulting in nonsense-mediated decay, 
which commonly occurs in breast cancer [73]. 
Mutations in the zinc finger domains of U2AF1, 
a U2 small nuclear RNA auxiliary factor, are fre-
quently identified in non-small cell lung cancer 
[74]. Missense mutations are often observed in 
SRSF2 that change its binding affinity to ESE 
sequences and are common in chronic myelo-
monocytic leukemia [75]. ZRSR2 is a zinc finger 
RBP in the U12 minor spliceosome complex. 
Mutations that introduce in-frame stop codons or 
disrupt the reading frame are common in myelo-
dysplastic syndrome [76].

Due to the pivotal role of AS in cancer, many 
researchers are focusing their efforts on identify-
ing or developing molecules that target aberrant 
AS in cancers [44, 54, 77]. Potential targets for 
these therapies include mutations in splice sites, 
cis-regulatory elements, and promoter or coding 
regions of trans-acting factors. Due to the high 
mutation rates observed in cancers, SF3B1 is a 
major target for splicing-modulating drugs. In 
addition, upstream factors such as SF kinases and 
specific splice isoforms of oncogenes or tumor 
suppressors are also attractive targets. Cancers 
that rely on splicing activity are ideal candidates 
for AS-targeted therapy. For example, MYC-
driven cancers rely on the spliceosome, through 
BUD31, for promoting oncogenesis [78]. BUD31 
associates with SF3B1, U2AF1, and other core 
spliceosome factors. Inhibition of the spliceo-
some via spliceosome inhibitors or BUD31 
depletion downregulates survival, tumor growth, 
and metastatic potential of breast cancers driven 
by MYC.

There are a variety of types of therapeutic 
compounds used to target AS.  The most well-
known are antisense oligonucleotides (ASOs) 
which are composed of nucleotides or analogs 
that hybridize with a complimentary nucleic acid 
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sequence. By coding for the complimentary 
sequence of the target, ASOs can potentially 
block splice sites via steric hindrance, target 
mRNAs for degradation, redirect splicing, or pre-
vent trans-factors from binding. ASOs have 
gained traction in treating Duchenne muscular 
dystrophy (DMD), spinal muscular atrophy 
(SMA), and amyotrophic lateral sclerosis (ALS) 
[44]. In oncology, two ASOs, AZD9150 targeting 
STAT3 and AZD4785 targeting KRAS, are in clin-
ical trials for solid advanced and metastatic dis-
eases [79, 80].

Small molecule inhibitors (SMIs) have been 
designed to target SF kinases and spliceosome 
components. SRPIN340 which targets SRPKs 
and TG-003 which targets CLKs cause decreased 
activity of SFs and subsequent decreased expres-
sion of “splice-correct” signaling proteins, such 
as VEGF and p70-S6K [81, 82]. ML315, a chem-
ically modified quinazoline probe, selectively 
inhibits the CLK family as well [83]. Cp028 has 
been shown to inhibit intermediate stage spliceo-
some assembly by causing the early release of 
U4/U6 [84].

Natural products and their derivatives have 
also shown promise in targeting different stages 
of AS.  Leucettine L41, derived from the marine 
sponge product leucettamine B, is an ATP-
competitive inhibitor against CLK1 and CLK3 
and has been shown to inhibit phosphorylation of 
SRSF4 and SRSF6 [85]. Another natural product, 
N-palmitoyl-l-leucine, targets late stage spliceo-
some assembly [86].

Indole derivatives, such as benzopyridoin-
doles and pyridocarbazoles, alter SF-ESE-
dependent splicing in key oncogenic genes such 
as MST1R [87, 88]. The RBP RBM39 is a target 
of sulfonamides derived from para-aminobenzoic. 
Mutations in RBM39 and resistance to indisulam 
are common in leukemia and lymphomas. These 
mutations block the complex formation of 
RBM39 with the CUL4-DCAF15 ubiquitin 
ligase complex, halting the normal proteasomal 
degradation of RBM39 and resulting in aberrant 
pre-mRNA splicing [89]. SRPIN340 is an iso-
nicotinamide compound shown to inhibit expres-
sion of SRPK1 and a pro-angiogenic VEGF 
variant [90]. Derivatives of the natural compound 

FR901464 have shown promising ability to 
inhibit SF3B. These analogs include spliceostatin 
A, meayamycin, and sudemycin [91–93].

Pladienolide-scaffold derivatives have had the 
most success in clinical trials. E7107, derived 
from pladienolide B, inhibits SAP130 of the 
SF3B complex [94]. This weakens the binding 
interaction between U2 and the pre-mRNA by 
locking SF3B1 in an inactive conformation and 
sterically preventing binding to the branch point 
adenosine [95]. E7107 was one of the first splic-
ing modulator drugs to enter clinical trials in 
solid tumors in 2007 [96, 97]; however, further 
studies in humans were suspended due to unex-
pected toxicity. H3B-8800, another pladienolide 
derivative, selectively inhibits wild-type and 
mutated SF3B1 isoforms and enriches for intron 
retention in SF-coding mRNAs [98]. Trials using 
H3B-8800  in hematological cancers have been 
ongoing since 2016.

Our current limited understanding of overall 
“splicing sickness,” restoration of normal splic-
ing, and downstream effects of spliceosomal 
mutations need to be addressed in order to 
develop new AS drugs. Overcoming issues of 
systemic delivery, toxicity, off-target effects, effi-
cacy, and targeting the desired cell type will be 
keys in splice-modulating therapies, becoming a 
safe and efficacious therapeutic option for cancer 
patients.

�Alternative Splicing in Prostate 
Cancer

A number of genes undergoing AS have been 
associated with PCa development and progres-
sion. The androgen receptor (AR), a steroid 
nuclear hormone that plays a major role in nor-
mal prostate homeostasis and PCa development, 
is the primary target for early PCa treatment. PCa 
tumors, however, develop AR-targeted treatment 
resistance (i.e., castrate-resistant) as the disease 
progresses. One mechanism in which PCa tumors 
develop drug resistance is through AS of the AR. 
Among the 20 different AR splice variants identi-
fied, ARv7 is the most clinically frequent and rel-
evant variant. The ARv7 variant is generated by 
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inclusion of a cryptic exon within exon 3 that 
encodes a protein isoform with a truncation of the 
entire C-terminal ligand binding domain (LBD). 
The LBD is important for AR activation by 
androgens and subsequent translocation of the 
AR into the nucleus for transcriptional regulation 
of androgen-dependent genes. The ARv7 isoform 
acts independently of androgen binding and is 
constitutively present in the nucleus of prostate 
cells, regardless of androgen stimulation [99]. 
Levels of ARv7 mRNA in PCa patients can help 
predict responsiveness to anti-androgen thera-
pies, such as abiraterone and enzalutamide [100]. 
The SF hnRNPA1 and RBP SAM68 are believed 
to contribute to the regulation of the ARv7 vari-
ant. Relocalization of hnRNPA1 from the nucleus 
to the cytoplasm decreases expression of ARv7 in 
PCa cells and resensitizes them to enzalutamide 
[100–103]. SAM68 preferentially increases 
expression of ARv7 in PCa cells, via SAM68 sta-
bilization of the ARv7 mRNA via direct RNA–
protein binding and indirect mediation by SRSF1 
[104].

A second clinically relevant AR splice variant, 
ARv567es, has been identified in PCa cells where 
exons 5–7 (of 8 total) are skipped, truncating the 
majority of the LBD.  Similar to the ARv7 iso-
form, ARv567es is constitutively active and 
androgen independent [105]. This variant is 
highly expressed in metastatic and malignant 
prostate tissue [106]. ARv567es regulates onco-
genes involved in cell cycle progression including 
UBE2C, which codes for a ubiquitin-conjugating 
protein involved in the machinery that inactivates 
the mitotic checkpoint and promotes proliferation 
[107].

The fibroblast growth factor receptor (FGFR) 
2 undergoes AS of the third Ig-like extracellular 
domain, generating two isoforms: FGFR2IIIb 
and FGFR2IIIc. FGFR2IIIb is expressed highly 
in normal prostate epithelial cells and is a known 
tumor suppressor. FGFR2IIIc is involved in auto-
crine signaling and expressed more highly in 
mesenchymal cells. While no change in overall 
FGFR2 protein expression is observed as PCa 
progresses [108], a switch in FGFR2 isoforms 
occurs due to AS.  Decreased expression of the 
IIIb isoform and exclusive expression of the IIIc 

isoform is associated with epithelial to mesen-
chyme transition (EMT) and loss of AR sensitiv-
ity [109]. This increase in FGFR2IIIc expression 
correlates with an increase in fibroblast growth 
factor (FGF) 8b, a ligand associated with PCa 
[110].

The vascular endothelial growth factor 
(VEGF) is largely responsible for cellular growth 
and survival via angiogenesis in both normal and 
cancerous conditions. “Canonical” splicing of 
VEGF produces a VEGF isoform that is pro-
angiogenic, while an alternative 3′ splice site 
event generates an anti-angiogenic isoform 
VEGF165b, which is the main isoform. VEGF165b 
differs from pro-angiogenic VEGF in the last six 
amino acids and acts as an antagonist of the 
VEGF receptor [111]. Expression of pro-
angiogenic VEGF is an early driver of PCa, and 
increased expression corresponds with later stage 
PCa and increased expression of SRSF1 [112]. 
Inhibition of the SF kinase SRPK1, a known acti-
vator of SRSF1, causes splice switching of 
VEGF165b in PCa cells and decreased tumor for-
mation in PCa mouse models [113].

Bcl-x plays a pivotal role in regulating apopto-
sis. Alternative 5′ splice site usage within exon 2 
of the BCL2L1 pre-mRNA generates two variants 
that have opposing functions. The long anti-
apoptotic isoform, Bcl-x(L), is associated with 
cell survival, while the shorter isoform Bcl-x(S) 
promotes apoptosis, cell death, and sensitivity to 
chemotherapeutics in PCa [114]. High Bcl-x(L) 
to Bcl-x(S) ratios have been observed in PCa and 
over-expression of the short isoform induces 
apoptosis-mediated cell death in cancer cells [1, 
6]. SAM68 selectively favors the upstream 5′ 
splice site, thus favoring production of the 
BCL2L1 long variant and preventing apoptosis. 
Increased expression of Bcl-x(L) has been identi-
fied in PCa patients and cell lines, resulting in 
decreased apoptotic-induced cell death and 
decreased sensitivity to cytotoxic therapeutics 
[115].

Splice variants of another apoptotic-related 
gene SH3GLB1, which codes for the BAX-
binding protein Bif-1, has recently been impli-
cated in the transition of adenocarcinoma to 
aggressive treatment-induced neuroendocrine 
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(t-NE) PCa. Bif-1a, the pro-apoptotic protein iso-
form encoded by a variant lacking exon 6, is the 
predominant isoform expressed in adenocarci-
noma specimens [116]. Bif-1b (encoded by a 
variant containing a short version of exon 6) and 
Bif-1c (encoded by a variant containing a long 
version of exon 6), however, become highly 
expressed in t-NE PCa. This switch in dominant 
variant expression is regulated by the SF SRRM4.

Cyclin D1 (CCDN1) associates with cyclin-
dependent kinase 4 (CDK4) to promote cell cycle 
progression through the G1 phase. Two alterna-
tive splice variants of CCDN1 have been identi-
fied: the cyclin D1a mRNA, which is the 
full-length and more common variant, and the 
cyclin D1b variant, in which intron 4 is retained 
leading to early termination. The cyclin D1b pro-
tein isoform plays a distinct role as an AR co-
regulator to promote expression of AR-dependent 
genes associated with tumor growth and metasta-
sis in PCa, specifically SNAI1 [117]. Additionally, 
increased expression of SRSF1 in PCa cells cor-
relates with enhanced expression of cyclin D1b, 
but not D1a [118, 119].

ST6GalNac1 is an enzyme that synthesizes 
the sialyl-T (sTn) antigen and modifies the glyco-
sylation pattern of cell surface glycoproteins that 
play a role in cell adhesion and metastasis. 
ST6GalNac1 is androgen-sensitive, thus indicat-
ing a role for this enzyme in PCa. Recently, 
RNA-seq data have identified a shorter splice 
variant of ST6GalNac1 that has only been 
reported in PCa [120]. The short isoform results 
from the inclusion of an additional exon (exon 2) 
within the 5′ UTR that generates a new start 
codon and encodes a longer mRNA variant but a 
shorter, fully functional protein isoform that has 
increased expression compared to the full-length 
protein isoform missing exon 2. In vitro studies 
suggest a role for the short isoform in promoting 
EMT through decreased cell adhesion and 
increased cell motility.

A new splice variant of PCSK6 has been iden-
tified in PCa. PCSK6 codes for the proprotein 
convertase PACE4 that modifies proprotein sub-
strates in secretory and known oncogenic path-
ways. Couture et al. [121] identified a variant of 
PCSK6 with a shorter 3′UTR via AS of exon 25 

(variant known as PACE4-altCT). While both the 
full-length PACE4 and the shorter PACE4-altCT 
are expressed in PCa specimens, PACE4-altCT 
showed increased expression in higher grade 
tumors. Additionally, PACE4-altCT appears less 
susceptible to degradation and secretion, is more 
stable, more rapidly activated, and increases 
growth and proliferation when compared to the 
full-length protein. PACE4-altCT directly 
increases the processing of pro-GDF15 (i.e., 
prostate differentiation factor), a TGFβ ligand 
with a known role in immunosuppression, pro-
tection against radiation-induced cell death, and 
neovascularization.

Three splice variants of CLK1 have been iden-
tified: full-length CLK1, CLK1T1 (skipping of 
exon 4), and CLK1T2 (retention of intron 4). 
CLK1 is responsible for phosphorylating and 
activating SRSFs and other SFs. Both T1 and T2 
isoforms lack the catalytic domain and are inac-
tive. The CLK1T2 has been found to be the more 
prominent isoform in PCa. Treating PCa cells 
with a CLK1 inhibitor shifts the CLK1 variant 
expression ratio to favor both the expression of 
full-length active CLK1, as well as expression of 
the pro-apoptotic variants of CASP9, MCL-1, 
BCL2L1, and survivin [122].

The HSD17B4 gene encodes 
17β-hydroxysteroid dehydrogenase type 4 
(17βHSD4), an enzyme involved in testosterone 
and dihydrotestosterone metabolism. Recently, 
five splice variants of HSD17B4 were identified, 
four of which encode enzyme isoforms that do 
not inactivate testosterone and dihydrotestoster-
one via conversion to inert steroid products [123]. 
The remaining isoform, isoform 2, is the major 
enzyme expressed in prostate tissue and is able to 
inactivate androgens. The splice variant encoding 
isoform 2 of 17βHSD4 is missing part of exon 2 
and all of exon 3, which code for sections of the 
short-chain alcohol dehydrogenase domain. This 
isoform was found to be functionally suppressed 
in metastatic castration-resistant PCa.

As outlined above, AS plays an important role 
in PCa development, progression, and drug resis-
tance. While it is fairly well accepted that AA 
PCa is genetically different from EA PCa, the 
role of AS in PCa disparities is less clear. Over 
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Table 1  Summary of splicing events in prostate cancer

Reference
Spliced gene 
(splicing factor) Alternative splicing event Cell lines and/or patient samples

Cao et al. [99] ARV7 Cryptic exon LNCaP, 22Rv1, PC-3
Antonarakis et al. 
[100]

ARV7 (hnRNPA1) Cryptic exon Patients (ethnicity N/A)

Ko et al. [101] ARV7 (hnRNPA1) Cryptic exon PC-3
Nadiminty et al. [102] ARV7 (hnRNPA1) Cryptic exon LNCaP, 22Rv1, VCaP, C4-2B
Tummala et al. [103] ARV7 (hnRNPA1) Cryptic exon 22Rv1, C4-2B
Stockley et al. [104] ARV7 (Sam68, 

SRSF1)
Cryptic exon 22Rv1, VCaP, CWR22, PC3-M

Sun et al. [105] ARv567es Exon skipping M12, LNCaP, LuCaP
Hörnberg et al. [106] ARv567es Exon skipping Patients (ethnicity N/A)
Liu et al. [107] ARv567es(MED1) Exon skipping LNCaP, M12
Sahadevan et al. [108] FGFR2 Mutually exclusive exons PC-3, DU145, patients (ethnicity 

N/A)
Carstens et al. [109] FGFR2 Mutually exclusive exons LNCaP,PC-3, DU145, DUP9479, 

DUKAP-1, DUPKAP-2
Gnanapragasam et al. 
[110]

FGFR2 Mutually exclusive exons Patients (ethnicity N/A)

Woolard et al. [111] VEGF Alternative 3′ splice site Patients (ethnicity N/A)

Rennel et al. [112] VEGF Alternative 3′ splice site PC-3, patients (ethnicity N/A)

Mavrou et al. [113] VEGF Alternative 3′ splice site PC3, LNCaP, DU145

Mercatante et al. [114] BCL2L1 Alternative 5′ splice site PC-3

Busà et al. [115] BCL2L1 (SAM68) Alternative 5′ splice site LNCaP, patients (ethnicity N/A)

Gan et al. [116] SH3GLB1 
(SRRM4)

Alternative 5′ splice site, 
exon skipping

LNCaP, 22RV1, PC-3, DU145, 
NCI-H660, LNCaP95, patients 
(ethnicity N/A)

Augello et al. [117] CCND1 Intron retention LNCaP, VCaP, LAPC4, PC-3, C4-2
Olshavsky et al. [118] CCND1 (SRSF1) Intron retention LNCaP, LAPC4
Paronetto et al. [119] CCND1 Intron retention PC3, LNCaP
Munkley et al. [120] ST6GalNAc1 Exon skipping LNCaP, VCaP, PC-3, 22Rv1, DU145, 

LNCaP-AI, and LNCaP-cdxR, BPH-1
Couture et al. [121] PCSK6 Exon skipping DU145, LNCaP, patients (ethnicity 

N/A)
Uzor et al. [122] CLK1 Exon skipping, intron 

retention
PC-3, DU145, VCaP

Ko et al. [123] 17βHSD4 Alternative 5′ splice site, 
exon skipping

LNCaP, LAPC4, VCaP, PC-3, DU145, 
RWPE-1, 22Rv1, patients (ethnicity 
N/A)

Wang et al. [59] PIK3CD Exon skipping MDA PCa 2b, VCaP, LNCaP, PC-3, 
patients (AA, EA)

Cell lines and patient samples with known African American ancestry are in bold and underlined
ARV7 androgen receptor splice variant 7, hnRNPA1 heterogeneous nuclear ribonucleoprotein A1, SRSF1 serine/arginine 
splicing factor 1, ARv567es androgen receptor variant (exons) 5,6,7 exon skipping, MED1 mediator complex subunit 1, 
FGFR2 fibroblast growth factor receptor 2, VEGF vascular endothelial growth factor, BCL2L1 B-cell lymphoma 2-like 
1, Sam68 Src-associated substrate in mitosis of 68 kDa, SH3GLB1 SH3 domain-containing GRB2-like protein B1, 
SRRM4 serine/arginine repetitive matrix 4, CCND1 cyclin D1, SRSF1 serine/arginine splicing factor 1, ST6GalNAc1 
ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 1, PCSK6, proprotein convertase subtilisin/kexin type 6, 
CLK1 CDC-like kinase 1, 17βHSD4 17β-Hydroxysteroid dehydrogenase type 4, PIK3CD phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit delta, AA African American, EA European American
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60% of the studies cited above used only cell 
lines derived from EA patients (Table 1). Of the 
remaining studies, two cell lines (22RV1 and 
M12) of mixed or self-reported AA ancestry were 
utilized. The 22RV1 cell line was derived from 
the CWR22 line, a primary prostatic carcinoma 
serially transplanted in nude mice [124, 125]. A 
recent study determined 22RV1 was only 41% 
AA ancestry [126]. The M12 line was immortal-
ized from the P69SV40T cell line via transfec-
tion with SV40 T antigen and passaged in nude 
mice [127, 128]. While the ancestry of the M12 
line has not been confirmed by genotyping, the 
parental cell line was reported to be derived from 
prostate epithelial cells from a 63-year-old AA 
man. None of these studies use an AA PCa cell 
line with over 50% AA genetic ancestry, such as 
MDA PCa 2b or RC77 T/E (74% and 73%, 
respectively) [126]. Forty-one percent of the 
studies cited analyzed primary prostatic samples, 
but none specified the ancestry (genotyped or 
self-reported) of the patients.

The lack of AA cell lines and patient samples 
used in AS PCa studies reflects the lack of minor-
ity subjects across all cancer, and specifically 
PCa, research [129]. In order to better understand 
PCa disparities, eliminate the disproportionate 
disease burden, provide novel biomarkers, and 
improve survival and quality of life in AA PCa 
patients, we must increase the use of AA PCa cell 
lines and specimens in our research.

�Differential Alternative Splicing 
of PIK3CD in Prostate Cancer 
Disparities

In order to further our understanding of AS in 
PCa health disparities, we applied a functional 
genomics approach to investigate differential AS 
(dAS) events in AA and EA PCa patients [59]. 
Twenty AA and 15 EA PCa tumor and matched 
normal specimens (treatment naïve, Gleason 

score 6–8, age 49–81) were collected, and sam-
ples were analyzed using the Affymetrix Human 
GeneChip exon array to identify genes undergo-
ing AS (Table 2). We identified 158 unique genes 
that underwent AS in both AA and EA PCa. It 
can be concluded that these genes, which included 
TMPRSS2 and AR, are important for PCa devel-
opment regardless of race. In comparing AA ver-
sus EA PCa, 1876 unique genes undergoing dAS 
were identified, including RASGRP2, NF1, and 
BAK1. Over 2200 unique genes underwent dAS 
in AA versus EA normal prostate tissue, suggest-
ing a differential role for these genes in normal 
prostate homeostasis. We identified splicing 
events involving 644 genes, including PIK3CD, 
ITGA4, and MET, that were present in both AA 
PCa and AA normal tissue, but were absent in EA 

Table 2  Examples of differential alternative splicing 
events in AA PCa, EA PCa, AA normal, and EA normal 
specimens

Patient groups
# of AS 
genes Examples

AA PCa and EA 
PCa

158 TMPRSS2, AR

AA PCa vs. EA 
PCa

1876 RASGRP2, NF1, 
BAK1

AA normal vs. EA 
normal

2205 MTOR,EGFR, 
BCL2L1

AA PCa and AA 
normal

644 PIK3CD, ITGA4, 
MET

AA PCa vs. AA 
normal

1575 FGFR3, TSC2

AA African American, EA European American, PCa pros-
tate cancer, TMPRSS2, transmembrane protease serine 2, 
AR androgen receptor RASGRP2 RAS guanyl releasing 
protein 2, NF1 neurofibromin 1, BAK1 BCL2 antagonist/
killer 1, MTOR mechanistic target of rapamycin kinase, 
EGFR endothelial growth factor receptor, BCL2L1 B-cell 
lymphoma 2-like 1, PIK3CD phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit delta, ITGA4 inte-
grin subunit alpha 4, MET MET proto-oncogene, receptor 
tyrosine kinase, FGFR3 fibroblast growth factor receptor 
3, TSC2 tuberous sclerosis complex subunit 2
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specimens. We also identified 1575 unique genes 
(e.g., FGFR3 and TSC2) undergoing dAS in AA 
PCa versus AA normal, but not EA PCa versus 
EA normal. These last two comparisons identify 
two important groups of splicing events: splicing 
events involving 644 genes that are inherited 
based on African ancestry, and splicing events 
involving 1575 genes that occur de novo during 
PCa progression solely in AA men. Over 70% of 
dAS events identified in AA PCa versus EA PCa 
occur in pathways known to contribute to onco-
genesis (e.g., cell growth, proliferation, cell sur-
vival, cell adhesion, and DNA repair), and the 
majority were in-frame exon skipping events. 
Further validation of a subset of genes identified 
as potential targets for dAS was performed in an 
additional cohort of 22–25 AA and 21–24 EA 
specimens. Ninety-one percent of genes chosen 
for validation via RT-PCR were confirmed. The 
exon array results also identified 886 differen-
tially expressed genes in AA versus EA PCa 
(compared to 1876 dAS genes). These data sug-
gest that dAS is playing a much greater role in 
AA PCa disparities than differential gene 
expression.

Of the dAS genes identified, we focused on 
PIK3CD. PIK3CD codes for the p110δ (or 
PIK3Cδ) catalytic domain of the class I PI3Ks 
that bind the p85 inhibitory subunit. Upon activa-
tion by a receptor tyrosine kinase, p110δ phos-
phorylates phosphatidylinositol 4,5-bisphosphate 
(PftdIns(4,5)P2), generating phosphatidylinosi-
tol 3,4,5-trisphosphate (PIP3) which recruits 
AKT1 to the cell membrane thus activating 
downstream signaling cascades involved in cell 
growth, survival, and proliferation. The delta sub-
unit of p110 is highly expressed in leukocytes 
[130, 131]. Four PIK3CD splice variants were 
identified: PIK3CD-L includes all 24 exons; 
PIK3CD-Si is missing exon 8 (encoding a domain 
between the Ras-binding and C2 domains); 
PIK3CD-Sii is missing exon 20 (encoding part of 
catalytic domain) (Fig. 2); PIK3CD-Siii is miss-
ing exon 8 and 20; and PIK3CD-Siv has a large 
deletion that encodes the helical domain and part 
of catalytic domain.

We selected the PIK3CD-Sii variant (identi-
fied as PIK3CD-S from here on) for further char-

acterization for two reasons. First, the PIK3CD-Sii 
variant encodes a protein isoform missing 56 
amino acids (Fig.  3) of the catalytic domain 
which has an important role in p110δ activity. 
Second, analysis of 494 PCa patients from The 
Cancer Genome Atlas (TCGA) revealed signifi-
cantly decreased disease-free survival in patients 
with high PIK3CD-S/PIK3CD-L expression 
ratios (p  =  0.0052). Although this analysis was 
performed irrespective of race or tumor grade, 
these data provide evidence for the clinical rele-
vance of PIK3Cδ-S in PCa.

We performed siRNA-mediated knockdown 
of the PIK3CD-L variant in an EA PCa cell line 
VCaP (which has little to no expression of 
PIK3CD-S) and knockdown of either the 
PIK3CD-L or PIK3CD-S variant in an AA PCa 
cell line MDA PCa 2b (which expresses both 
variants). Knockdown of PIK3CD-L in VCaP 
cells results in a significant decrease in invasion, 
proliferation, and phosphorylation of key down-
stream signaling proteins (i.e., AKT, mTOR, and 
S6). In the AA cell line, knockdown of PIK3CD-L 
enriches expression of PIK3CD-S, leading to 
increased proliferation, invasion, and phosphory-
lation of AKT, mTOR, and S6. Not surprisingly, 
we observe no significant effects on invasion, 
proliferation, nor phosphorylation of signaling 
proteins after “knockdown” of PIK3CD-S in the 
EA cell line. However, a significant decrease in 
invasion, proliferation, and phosphorylation was 
observed after knockdown of PIK3CD-S (thereby 
enriching for PIK3CD-L) in the AA cell line.

In order to determine the effect of both vari-
ants on drug resistance, we ectopically overex-
pressed either PIK3Cδ-L or PIK3Cδ-S in two EA 
cell lines, VCaP and PC-3, and treated cells with 
the SMI CAL-101. CAL-101 (idelalisib 
(Zydelig®)) targets p110δ and is approved for 
treatment of hematological malignancies such as 
chronic lymphocytic leukemia, follicular B-cell 
non-Hodgkin lymphoma, and small lymphocytic 
lymphoma. Treatment of PCa cells overexpress-
ing PIK3Cδ-L with CAL-101 results in a signifi-
cant decrease in proliferation and AKT and S6 
phosphorylation. CAL-101 treatment of 
PIK3Cδ-S overexpressing cells results in no sig-
nificant suppression of proliferation or AKT and 
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S6 phosphorylation compared to vehicle-treated 
cells. In addition, PIK3Cδ-S expressing cells also 
have greater baseline proliferation compared to 
PIK3Cδ-L expressing cells.

Next, we investigated the effect of both 
PIK3Cδ isoforms on tumor formation, metasta-
sis, and responsiveness to CAL-101 treatment in 
non-obese diabetic/severe combined immunode-
ficiency (NOD/SCID) mice. We observe signifi-
cantly decreased tumor formation in mice 
injected subcutaneously with PIK3Cδ-L-
expressing PCa cells and treated with 50 mg/kg 
CAL-101 compared to mice injected with 

PIK3Cδ-S-expressing cells and treated with 
CAL-101. Additionally, mice injected with 
PIK3Cδ-L-expressing cells via tail vein and 
treated with CAL-101 develop significantly less 
lung metastases compared to mice injected with 
PIK3Cδ-S-expressing cells and treated with 
CAL-101. These data suggest that CAL-101 is 
not effective against the PIK3Cδ-S isoform 
in vivo.

In order to test the functional differences 
between the two PIK3Cδ isoforms, we performed 
co-immunoprecipitation (co-IP) and cell-free 
kinase assays. Co-IP experiments demonstrate 

Exon 20 inclusion

Exon 20 skipping

PIK3CD-L

PIK3CD-S

Fig. 2  Alternative splicing of PIK3CD. Schematic repre-
sentations of alternative splicing of PIK3CD pre-
mRNA.  EA patients predominantly express PIK3CD-L 

which includes exon 20 (blue), while exon 20 is skipped 
(red) in AA patients to generate PIK3CD-S. Designed on 
https://prosite.expasy.org

K46 K210
S312
S315

S406
S411

Y484
Y485

S520
Y524

Y935
Y936 T1029

p110δ-L

K46 K210
S312
S315

S406
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Y484
Y485

Y935
Y936 T973

p110δ-S

S520
Y524

Fig. 3  Protein isoforms of p110δ due to alternative splic-
ing. Schematic representations of long isoform due to 
exon 20 inclusion (top) and short isoform due to exon 20 
skipping (bottom) of p110δ. Adaptor (p85) binding 
domain (ABD), RAS binding domain (RBD), C2, helical, 

and catalytic domains are shown in gray. Key phosphory-
lation and ubiquitin lysine (K), serine (S), tyrosine (Y), 
and threonine (T) sites are indicated as diamonds. The 
catalytic domain region encoded by exon 20 is shown in 
blue. Designed on https://prosite.expasy.org
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that the PIK3Cδ-L isoform binds with a signifi-
cantly higher affinity to the p85α regulatory sub-
unit compared to PIK3Cδ-S.  We also observe 
higher activity of PIK3Cδ-S in a cell-free kinase 
assay with and without the p85α subunit present 
and with or without wortmannin or CAL-101 
treatment compared to PIK3Cδ-L. This suggests 
that PIK3Cδ-S activity is not as tightly sup-
pressed by p85α and retains kinase activity even 
in the presence of SMIs such as CAL-101.

What has not been investigated up to this point 
is the mechanism responsible for the preferential 
expression of the PIK3CD-S variant in AA PCa. 
Therefore, we returned to gene expression data 
generated from previous studies [39, 132] to 
investigate which upstream SFs may be playing a 
role in the generation of the PIK3CD-S variant in 
AA PCa. Interestingly, we identified several SFs, 
including SRSF2, SRSF7, and HNRNPF, with 
increased expression in AA PCa compared to EA 
PCa at both the mRNA and protein levels (data 

not shown). Moreover, the intronic regions sur-
rounding exon 20 of the PIK3CD pre-mRNA 
have computationally predicted binding sites for 
these three SFs. We hypothesized that binding of 
SRSF2, SRSF7, and/or hnRNPF to flanking 
regions of exon 20  in the PIK3CD pre-mRNA 
may facilitate exon 20 skipping, leading to the 
generation of PIK3CD-S. In order to test this 
hypothesis, we treated MDA PCa 2b cells with 
siRNAs targeting SRSF2, SRSF7, or HNRNPF, 
and observe a decrease in expression of 
PIK3CD-S and an enrichment of PIK3CD-L 
(Fig. 4a). We refer to this phenomenon as splice 
switching. SiRNA-mediated SF knockdowns are 
confirmed by western blot analysis (Fig. 4b). Our 
findings suggest that aberrant expression of SFs 
may be playing a role in the dAS observed in AA 
PCa.

Thus, we propose a mechanism in which “nor-
mal” expression of specific SFs (SRSF2, SRSF7, 
and/or hnRNPF) in EA PCa promotes inclusion 

Fig. 4  Knockdown of overexpressed splicing factors 
causes splice switching of PIK3CD variants. (a) siRNA-
mediated knockdown of three splicing factors in an AA 
cell line switches predominant expression of PIK3CD 
from the −S to the −L variant. Blots were quantified by 
densitometry and numbers underneath blots represent the 

−S/−L expression ratio. Shown are representative blots 
from 3–4 independent experiments. (b) Western blot con-
firms knockdown of splicing factors at the protein level. 
Abbreviations: F2, SRSF2; F7, SRSF7; PF, hnRNPF; β, 
β-actin. Shown are representative blots from 3 to 4 inde-
pendent experiments
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of exon 20  in the final transcript of PIK3CD-L 
and generation of the PIK3Cδ-L protein (Fig. 5). 
This protein isoform is sensitive to CAL-101 and 
has high binding affinity to the p85α regulatory 
subunit. In AA PCa, however, increased expres-
sion of SFs SRSF2, SRSF7, and/or hnRNPF 
results in dAS of the PIK3CD pre-mRNA, lead-
ing to skipping of exon 20, and subsequent gen-
eration of the PIK3Cδ-S protein isoform, which 
exhibits increased oncogenic signaling and 
decreased sensitivity to SMIs such as CAL-101 
(idelalisib). Of interest, ~50% of patients treated 
second line with idelalisib for certain B-cell 
malignancies (e.g., chronic lymphocytic leuke-
mia) will exhibit primary resistance to this SMI 
[133–135]. The mechanism of resistance is 

currently unknown. We propose that expression 
of the PIK3Cδ-S protein isoform may be respon-
sible, in part, for this resistance. We are currently 
performing a high throughput chemical library 
screen to identify a SMI that will effectively sup-
press PIK3Cδ-S activity.

�Conclusion

While studies focusing on PCa disparities have 
increased over the past 10 years, the RNA splic-
ing landscape has not been fully characterized as 
a potential mechanism for race-related PCa 
aggressiveness. Our recent study has highlighted 
genome-wide dAS events occurring specifically 

• Low oncogenic signaling
• Sensitive to CAL-101 (Idelalisib)

• High oncogenic signaling
• Resistant to CAL-101 (Idelalisib)

p110δ-L p110δ-S

SRSF2
SRSF2

SRSF2

SRSF2

PIK3CD-L PIK3CD-S

Alternative Splicing Differential 
Alternative Splicing

PIK3CD pre-mRNA PIK3CD pre-mRNA

Fig. 5  Proposed mechanism for role of aberrant splicing 
of PIK3CD in PCa disparities. EA cell lines (e.g., VCaP) 
and patient specimens show “normal”/low expression of 
SFs, such as SRSF2 (left panel). Normal splicing of 
PIK3CD pre-mRNA generates the long variant containing 
exon 20, which encodes the p110δ-L protein that has low 

oncogenic properties. Aberrant over-expression of 
SRSF2 in AA cell lines (MDA PCa 2b) and patient sam-
ples results in differential alternative splicing of PIK3CD 
(right panel). This generates p110δ-S protein that has 
higher oncogenic signaling and is resistant to CAL-101 
(idelalisib)
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in AA PCa. The dAS events in AA PCa are over-
represented in known oncogenic signaling path-
ways, possibly providing a mechanistic 
explanation for PCa disparities. While further 
studies are needed to fully understand the onco-
genic capacity of other variants identified in our 
study (e.g., FGFR3, MET, and TSC2), these AS 
variants could serve as useful biomarkers for 
prognostic predictions and in identifying non-
responsive patients to SMIs. Further character-
ization of dAS variants in AA PCa patients will 
provide greater, and much needed, insight into 
the mechanisms responsible for PCa disparities 
and possible new leads for therapeutic 
intervention.

Acknowledgements  This work is supported by NIH R01 
CA204806 (N.H.L.)

References

	 1.	David, C. J., & Manley, J. L. (2010). Alternative pre-
mRNA splicing regulation in cancer: Pathways and 
programs unhinged. Genes & Development, 24(21), 
2343–2364.

	 2.	Antonopoulou, E., & Ladomery, M. (2018). 
Targeting splicing in prostate cancer. International 
Journal of Molecular Sciences, 19(5), 1287–1302.

	 3.	Hagen, R.  M., & Ladomery, M.  R. (2012). Role 
of splice variants in the metastatic progression of 
prostate cancer. Biochemical Society Transactions, 
40(4), 870–874.

	 4.	Lapuk, A. V., Volik, S. V., Wang, Y., & Collins, C. C. 
(2014). The role of mRNA splicing in prostate can-
cer. Asian Journal of Andrology, 16(4), 515–521.

	 5.	Munkley, J., Livermore, K., Rajan, P., & Elliott, D. J. 
(2017). RNA splicing and splicing regulator changes 
in prostate cancer pathology. Human Genetics, 136, 
1143–1154.

	 6.	Rajan, P., Elliott, D.  J., Robson, C.  N., & Leung, 
H.  Y. (2009). Alternative splicing and biological 
heterogeneity in prostate cancer. Nature Reviews 
Urology, 6(8), 454–460.

	 7.	Sette, C. (2013). Alternative splicing programs 
in prostate cancer. International Journal of Cell 
Biology, 2013, 458727.

	 8.	Siegel, R.  L., Miller, K.  D., & Jemal, A. (2018). 
Cancer statistics, 2018. CA: A Cancer Journal for 
Clinicians, 68(1), 7–30.

	 9.	Lynch, H.  T., Kosoko-Lasaki, O., Leslie, S.  W., 
Rendell, M., Shaw, T., Snyder, C., D'Amico, A. V., 
Buxbaum, S., et  al. (2016). Screening for familial 
and hereditary prostate cancer. International Journal 
of Cancer, 138(11), 2579–2591.

	 10.	Brawley, O. W. (2012). Prostate cancer epidemiol-
ogy in the United States. World Journal of Urology, 
30(2), 195–200.

	 11.	Powell, I. J. (2007). Epidemiology and pathophysi-
ology of prostate cancer in African-American men. 
Journal of Urology, 177(2), 444–449.

	 12.	Cooperberg, M.  R. (2013). Re-examining racial 
disparities in prostate cancer outcomes. Journal of 
Clinical Oncology, 31(24), 2979–2980.

	 13.	DeSantis, C. E., DeSantis, C. E, Siegel, R. L., Sauer, 
A. G., Miller, K. D., Fedewa, S. A., Alcaraz, K. I., 
et al. (2016). Cancer statistics for African Americans, 
2016: Progress and opportunities in reducing racial 
disparities. A Cancer Journal for Clinicians, 66(4), 
290–308.

	 14.	Rebbeck, T.  R. (2017). Prostate cancer disparities 
by race and ethnicity: From nucleotide to neighbor-
hood. Cold Spring Harbor Perspectives in Medicine, 
8(9), a030387.

	 15.	Chornokur, G., Dalton, K., Borysova, M.  E., & 
Kumar, N.  B. (2011). Disparities at presenta-
tion, diagnosis, treatment, and survival in African 
American men, affected by prostate cancer. The 
Prostate, 71(9), 985–997.

	 16.	Martin, D.  N., Starks, A.  M., & Ambs, S. (2013). 
Biological determinants of health disparities in pros-
tate cancer. Current Opinion in Oncology, 25(3), 
235–241.

	 17.	Oltean, S., Sorg, B. S., Albrecht, T., Bonano, V.  I., 
Brazas, R.  M., Dewhirst, M.  W., et  al. (2006). 
Alternative inclusion of fibroblast growth factor 
receptor 2 exon IIIc in dunning prostate tumors 
reveals unexpected epithelial mesenchymal plastic-
ity. PNAS, 103(38), 14116–14121.

	 18.	Powell, I. J., & Bollig-Fischer, A. (2013). Minireview: 
The molecular and genomic basis for prostate cancer 
health disparities. Molecular Endocrinology, 27(6), 
879–891.

	 19.	Evans, S., Metcalfe, C., Ibrahim, F., Persad, R., & 
Ben-Shlomo, Y. (2008). Investigating black-white 
differences in prostate cancer prognosis: A system-
atic review and meta-analysis. International Journal 
of Cancer, 123(2), 430–435.

	 20.	Robbins, A. S., Whittemore, A. S., & Thom, D. H. 
(2000). Differences in socioeconomic status and 
survival among white and black men with prostate 
cancer. American Journal of Epidemiology, 151(4), 
409–416.

	 21.	Tyson, M. D., & Castle, E. P. (2014). Racial dispari-
ties in survival for patients with clinically localized 
prostate cancer adjusted for treatment effects. Mayo 
Clinic Proceedings, 89(3), 300–307.

	 22.	Magi-Galluzzi, C., Magi-Galluzzi, C., Tsusuki, T., 
Elson, P., Simmerman, K., LaFargue, C., Esgueva, 
R., et al. (2011). TMPRSS2-ERG gene fusion preva-
lence and class are significantly different in pros-
tate cancer of Caucasian, African-American and 
Japanese patients. The Prostate, 71(5), 489–497.

	 23.	Tosoian, J. J., Almutairi, F., Morais, C. L., Glavaris, 
S., Hicks, J., Sundi, D., et al. (2017). Prevalence and 

J. Olender and N. H. Lee



135

prognostic significance of PTEN loss in African-
American and European-American men undergo-
ing radical prostatectomy. European Urology, 71(5), 
697–700.

	 24.	Schumacher, F.  R.,  Feigelson, H.  S., Cox, D.  G., 
Haiman, C. A., Albanes, D., Buring, J., et al. (2007). 
A common 8q24 variant in prostate and breast can-
cer from a large nested case-control study. Cancer 
Research, 67(7), 2951–2956.

	 25.	Haiman, C.  A., Patterson, N., Freedman, M.  L., 
Myers, S.  R., Pike, M.  C., Waliszewska, A., et  al. 
(2007). Multiple regions within 8q24 independently 
affect risk for prostate cancer. Nature Genetics, 
39(5), 638–644.

	 26.	Han, Y., Rand, K. A., Hazelett, D. J., Imgles, S. A., 
Kittles, R.  A., Strom, S.  S., et  al. (2016). Prostate 
cancer susceptibility in men of African ancestry 
at 8q24. Journal of the National Cancer Institute, 
108(7), djv431.

	 27.	Conti, D.  V., Conti, D.  V., Wang, K., Sheng, X., 
Bensen, J.  T., Hazelett, D.  J., Cook, M.  B., et  al. 
(2017). Two novel susceptibility loci for prostate 
cancer in men of African ancestry. Journal of the 
National Cancer Institute, 109(8), djx084.

	 28.	Haiman, C.  A. (2011). Genome-wide association 
study of prostate cancer in men of African ances-
try identifies a susceptibility locus at 17q21. Nature 
Genetics, 43(6), 570–573.

	 29.	Taioli, E.,  Sears, V., Watson, A., Flores-Obando, 
R.  E., Jackson, M.  D., Ukoli, F.  A., et  al. (2013). 
Polymorphisms in CYP17 and CYP3A4 and pros-
tate cancer in men of African descent. The Prostate, 
73(6), 668–676.

	 30.	Kittles, R. A., Panguluri, R. K., Chen, W., Massac, 
A., Ahaghotu, C., Jackson, A., et al. (2001). CYP17 
promoter variant associated with prostate can-
cer aggressiveness in African Americans. Cancer 
Epidemiology, Biomarkers & Prevention, 10, 
943–947.

	 31.	Powell, I.  J. (2013). Genes associated with pros-
tate cancer are differentially expressed in African 
American and European American men. Cancer 
Epidemiology, Biomarkers & Prevention, 22(5), 
891–897.

	 32.	Shuch, B., Mikhail, M., Satagopan, J., Lee, P., Yee, 
H., Chang, C., et al. (2004). Racial disparity of epi-
dermal growth factor receptor expression in pros-
tate cancer. Journal of Clinical Oncology, 22(23), 
4725–4729.

	 33.	Wallace, T. A., Prueitt, R. L., Yi, M., Howe, T. M., 
Gillespie, J. W., Yfantis, H. G., et al. (2008). Tumor 
immunobiological differences in prostate cancer 
between African-American and European-American 
men. Cancer Research, 68(3), 927–936.

	 34.	Teslow, E.  A., Bao, B., Dyson, G., Legendre, C., 
Mitrea, C., Sakr, W., et al. (2018). Exogenous IL-6 
induces mRNA splice variant MBD2_v2 to promote 
stemness in TP53 wild-type, African American PCa 
cells. Molecular Oncology, 12(7), 1138–1152.

	 35.	Hardiman, G., Savage, S. J., Hazard, E. S., Wilson, 
R. C., Courtney, S. M., Smith, M. T., et al. (2016). 
Systems analysis of the prostate transcriptome in 
African–American men compared with European–
American men. Pharmacogenomics, 17(10), 
1129–1143.

	 36.	Rose, A. E., Satagopan, J. M., Oddoux, C., Zhou, Q., 
Xu, R., Olshen, A. B., et  al. (2010). Copy number 
and gene expression differences between African 
American and Caucasian American prostate cancer. 
Journal of Translational Medicine, 8(1), 70.

	 37.	Theodore, S.  C., Rhim, J.  S., Turner, T., & Yates, 
C. (2010). MiRNA 26a expression in a novel panel 
of African American prostate cancer cell lines. 
Ethnicity and Disease, 20(1 Suppl 1), S1–96–100.

	 38.	Theodore, S.  C.,  Davis, M., Zhao, F., Wang, H., 
Chen, D., Rhim, J., et al. (2014). MicroRNA profil-
ing of novel African American and Caucasian pros-
tate cancer cell lines reveals a reciprocal regulatory 
relationship of miR-152 and DNA methyltransferase 
1. Oncotarget, 5(11), 3512–3525.

	 39.	Wang, B.-D.,  Ceniccola, K., Yang, Q., Andrawis, 
R., Patel, V., Ji, Y., et al. (2015). Identification and 
functional validation of reciprocal microRNA-
mRNA pairings in African American prostate can-
cer disparities. Clinical Cancer Research, 21(21), 
4970–4984.

	 40.	Kwabi-Addo, B., Wang, S., Chung, W., Jelinek, 
J., Patierno, S.  R., Wang, B.-D., et  al. (2010). 
Identification of differentially methylated genes in 
normal prostate tissues from African American and 
Caucasian men. Clinical Cancer Research, 16(14), 
3539–3547.

	 41.	Devaney, J. M., Wang, S., Furbert-Harris, P., Apprey, 
V., Ittmann, M., Wang, B.-D., et al. (2015). Genome-
wide differentially methylated genes in prostate can-
cer tissues from African-American and Caucasian 
men. Epigenetics, 10(4), 319–328.

	 42.	Tang, D.,  Kryvenko, O.  N., Mitrache, N., Do, 
K. C., Jankowski, M., Chitale, D. A., et al. (2013). 
Methylation of the RARB gene increases prostate 
cancer risk in black Americans. The Journal of 
Urology, 190(1), 317–324.

	 43.	Baralle, F.  E., & Giudice, J.  (2017). Alternative 
splicing as a regulator of development and tissue 
identity. Nature Reviews Molecular Cell Biology, 
18(7), 437–451.

	 44.	Gallego-Paez, L. M., Bordone, M. C., Leote, A. C., 
Saraiva-Agostinho, N., Ascensão-Ferreira, M., & 
Barbosa-Morais, N. L. (2017). Alternative splicing: 
The pledge, the turn, and the prestige: The key role 
of alternative splicing in human biological systems. 
Human Genetics, 136(9), 1015–1042.

	 45.	Will, C.  L., & Lührmann, R. (2011). Spliceosome 
structure and function. Cold Spring Harbor 
Perspectives in Biology, 3(7), a003707.

	 46.	Wongpalee, S.  P., & Sharma, S. (2014). The pre-
mRNA splicing reaction. In Methods in molecular 
biology (pp. 3–12). Clifton, NJ: Humana Press.

Role of Alternative Splicing in Prostate Cancer Aggressiveness and Drug Resistance in African Americans



136

	 47.	Fu, X.  D., & Ares, M. (2014). Context-dependent 
control of alternative splicing by RNA-binding pro-
teins. Nature Reviews Genetics, 15(10), 689–701.

	 48.	Rossbach, O., Hung, L.-H., Khrameeva, E., 
Schreiner, S., König, J., Curk, T., et  al. (2014). 
Crosslinking-immunoprecipitation (iCLIP) analysis 
reveals global regulatory roles of hnRNP L. RNA 
Biology, 11(2), 146–155.

	 49.	Zhou, Z., & Fu, X.-D. (2013). Regulation of splic-
ing by SR proteins and SR protein-specific kinases. 
Chromosoma, 122(3), 191–207.

	 50.	Huelga, S.  C., Vu, A.  Q., Arnold, J.  D., Liang, 
T. Y., Liu, P. P., Yan, B. Y., et al. (2012). Integrative 
genome-wide analysis reveals cooperative regula-
tion of alternative splicing by hnRNP proteins. Cell 
Reports, 1(2), 167–178.

	 51.	Pandit, S., Zhou, Y., Shiue, L., Coutinho-Mansfield, 
G., Li, H., Qiu, J., et  al. (2013). Genome-wide 
analysis reveals SR protein cooperation and compe-
tition in regulated splicing. Molecular Cell, 50(2), 
223–235.

	 52.	Wang, E.  T., Sandberg, R., Luo, S., Khrebtukova, 
I., Zhang, L., Mayr, C., et  al. (2008). Alternative 
isoform regulation in human tissue transcriptomes. 
Nature, 456(7221), 470–476.

	 53.	Gonçalves, V., Pereira, J. F. S., & Jordan, P. (2017). 
Signaling pathways driving aberrant splicing in can-
cer cells. Genes, 9(1), 9.

	 54.	Dvinge, H., Kim, E., Abdel-Wahab, O., & Bradley, 
R. K. (2016). RNA splicing factors as oncoproteins 
and tumour suppressors. Nature Reviews Cancer, 
16(7), 413.

	 55.	Ryan, M., Wong, W. C., Brown, R., Akbani, R., Su, 
X., Broom, B., et al. (2016). TCGASpliceSeq a com-
pendium of alternative mRNA splicing in cancer. 
Nucleic Acids Research, 44(D1), D1018–D1022.

	 56.	Sebestyén, E.,  Singh, B., Miñana, B., Pagès, A., 
Mateo, F., Pujana, M. A., et al. (2016). Large-scale 
analysis of genome and transcriptome alterations in 
multiple tumors unveils novel cancer-relevant splic-
ing networks. Genome Research, 26(6), 732–744.

	 57.	Oltean, S., & Bates, D.  O. (2014). Hallmarks of 
alternative splicing in cancer. Oncogene, 33(46), 
5311–5318.

	 58.	Climente-González, H., Porta-Pardo, E., Godzik, 
A., & Eyras, E. (2017). The functional impact of 
alternative splicing in cancer. Cell Reports, 20(9), 
2215–2226.

	 59.	Wang, B.-D., Ceniccola, K., Hwang, S., Andrawis, 
R., Horvath, A., Freedman, J.  A., et  al. (2017). 
Alternative splicing promotes tumour aggressive-
ness and drug resistance in African American pros-
tate cancer. Nature Communications, 8, 15921.

	 60.	Supek, F.,  Miñana, B., Valcárcel, J., Gabaldón, T., 
& Lehner, B. (2014). Synonymous mutations fre-
quently act as driver mutations in human cancers. 
Cell, 156(6), 1324–1335.

	 61.	Dvinge, H., & Bradley, R.  K. (2015). Widespread 
intron retention diversifies most cancer transcrip-
tomes. Genome Medicine, 7(1), 45.

	 62.	Hu, Z., Yau, C., & Ahmed, A.  A. (2017). A pan-
cancer genome-wide analysis reveals tumour depen-
dencies by induction of nonsense-mediated decay. 
Nature Communications, 8, 15943.

	 63.	Jung, H., Lee, D., Lee, J., Park, D., Kim, Y. J., Park, 
W.-Y., et al. (2015). Intron retention is a widespread 
mechanism of tumor-suppressor inactivation. Nature 
Genetics, 47(11), 1242–1248.

	 64.	Alsafadi, S., Houy, A., Battistella, A., Popova, 
T., Wassef, M., Henry, E., et  al. (2016). Cancer-
associated SF3B1 mutations affect alternative splic-
ing by promoting alternative branchpoint usage. 
Nature Communications, 7, 10615.

	 65.	Seol, D.-W., & Billiar, T.  R. (1999). A caspase-9 
variant missing the catalytic site is an endogenous 
inhibitor of apoptosis. The Journal of Biological 
Chemistry, 274(4), 2072–2076.

	 66.	Shultz, J.  C., Goehe, R.  W., Murudkar, C.  S., 
Wijesinghe, D.  S., Mayton, E.  K., Massiello, A., 
et  al. (2011). SRSF1 regulates the alternative 
splicing of caspase 9 via a novel intronic splicing 
enhancer affecting the chemotherapeutic sensitiv-
ity of non-small cell lung cancer cells. Molecular 
Cancer Research, 9(7), 889–900.

	 67.	Goehe, R. W., Shultz, J. C., Murudkar, C., Usanovic, 
S., Lamour, N.  F., Massey, D.  H.,  et  al. (2010). 
hnRNP L regulates the tumorigenic capacity of lung 
cancer xenografts in mice via caspase-9 pre-mRNA 
processing. Journal of Clinical Investigation, 
120(11), 3923–3939.

	 68.	Vu, N. T., Park, M. A., Shultz, J. C., Goehe, R. W., 
Hoeferlin, L. A., Shultz, M. D., et al. (2013). hnRNP 
U enhances caspase-9 splicing and is modulated 
by AKT-dependent phosphorylation of hnRNP 
L. Journal of Biological Chemistry, 288(12), 
8575–8584.

	 69.	Chen, J., & Weiss, W. A. (2015). Alternative splic-
ing in cancer: Implications for biology and therapy. 
Oncogene, 34(1), 1–14.

	 70.	Golan-Gerstl, R., Cohen, M., Shilo, A., Suh, S.-S., 
Bakacs, A., Coppola, L., & Karni, R.  (2011). 
Splicing factor hnRNP A2/B1 regulates tumor sup-
pressor gene splicing and is an oncogenic driver in 
glioblastoma. Cancer Research, 71(13), 4464–4472.

	 71.	Wang, Y., Chen, D., Qian, H., Tsai, Y. S., Shao, S., 
Liu, Q.,  et  al. (2014). The splicing factor RBM4 
controls apoptosis, proliferation, and migration to 
suppress tumor progression. Cancer Cell, 26(3), 
374–389.

	 72.	Agrawal, A.  A., Lihau, Y., Smith, P.  G., & 
Buonamici, S. (2018). Targeting splicing abnor-
malities in cancer. Current Opinion in Genetics & 
Development, 48, 67–74.

	 73.	Maguire, S. L., Leonidou, A., Wai, P., Marchiò, C., 
Ng, C.  K., Sapino, A., et  al. (2015). SF3B1 muta-
tions constitute a novel therapeutic target in breast 
Cancer. The Journal of Pathology, 235(4), 571–580.

	 74.	 Imielinski, M.,  Berger, A.  H., Hammerman, P.  S., 
Hernandez, B., Pugh, T. J., Hodis, E., et al. (2012). 
Mapping the hallmarks of lung adenocarcinoma 

J. Olender and N. H. Lee



137

with massively parallel sequencing. Cell, 150(6), 
1107–1120.

	 75.	Yoshida, K., Sanada, M., Shiraishi, Y., Nowak, D., 
Nagata, Y., Yamamoto, R., et  al. (2011). Frequent 
pathway mutations of splicing machinery in myelo-
dysplasia. Nature, 478(7367), 64–69.

	 76.	Madan, V., Kanojia, D., Li, J., Okamoto, R., Sato-
Otsubo, A., Kohlmann, A.,  et  al. (2015). Aberrant 
splicing of U12-type introns is the hallmark of 
ZRSR2 mutant myelodysplastic syndrome. Nature 
Communications, 6(1), 6042.

	 77.	Bates, D. O., Morris, J. C., Oltean, S., & Donaldson, 
L. F. (2017). Pharmacology of modulators of alter-
native splicing. Pharmacological Reviews, 69(1), 
63–79.

	 78.	Hsu, T. Y.-T., Simon, L. M., Neill, N. J., Marcotte, 
R., Sayad, A., Bland, C. S., et al. (2015). The spli-
ceosome is a therapeutic vulnerability in MYC-
driven Cancer. Nature, 525(7569), 384–388.

	 79.	Hong, D., Kurzrock, R., Naing, A., Wheler, J.  J., 
Falchook, G.  S., Schiffman, J.  S., et  al. (2015). 
AZD9150, a next-generation antisense oligo-
nucleotide inhibitor of STAT3 with early evi-
dence of clinical activity in lymphoma and lung 
cancer. Science Translational Medicine, 7(314), 
314ra185–314ra185.

	 80.	Ross, S. J., Revenko, A. S., Hanson, L. L., Ellston, 
R., Staniszewska, A., Whalley, N.,  et  al. (2017). 
Targeting KRAS-dependent tumors with AZD4785, 
a high-affinity therapeutic antisense oligonucleotide 
inhibitor of KRAS. Science Translational Medicine, 
9(394), eaal5253.

	 81.	Araki, S., Dairiki, R., Nakayama, Y., Murai, A., 
Miyashita, R., Iwatani, M., et al. (2015). Inhibitors 
of CLK protein kinases suppress cell growth and 
induce apoptosis by modulating pre-mRNA splicing. 
PLoS One, 10(1), e0116929.

	 82.	Siqueira, R. P., Barbosa, É. de A. A., Polêto, M. D., 
Righetto, G. L., Seraphim, T. V., Salgado, R. L., et al. 
(2015). Potential antileukemia effect and structural 
analyses of SRPK inhibition by N-(2-(piperidin-
1-Yl)-5-(trifluoromethyl)phenyl)isonicotinamide 
(SRPIN340). PLoS One, 10(8), e0134882.

	 83.	Coombs, T. C., Tanega, C., Shen, M., Neuenswander, 
B., Porubsky, P., Wang, J.  L.,  et  al. (2010). Probe 
reports from the NIH molecular libraries program. 
In Identification of Selective Inhibitors of cdc2-
like Kinases 1 and 4 (Clk1, Clk4). Bethesda, MD: 
National Center for Biotechnology Information 
(US).

	 84.	Sidarovich, A., Will, C.  L., Anokhina, M.  M., 
Ceballos, J., Sievers, S., Agafonov, D.  E.,  et  al. 
(2017). Identification of a small molecule inhibitor 
that stalls splicing at an early step of spliceosome 
activation. eLife, 6, e23533.

	 85.	Debdab, M., Carreaux, F., Renault, S., Soundararajan, 
M., Fedorov, O., Filippakopoulos, P., et al. (2011). 
Leucettines, a class of potent inhibitors of cdc2-like 
kinases and dual specificity, tyrosine phosphory-
lation regulated kinases derived from the marine 

sponge leucettamine B: Modulation of alternative 
pre-RNA splicing. Journal of Medicinal Chemistry, 
54(12), 4172–4186.

	 86.	Effenberger, K.  A.,  James, R.  C., Urabe, V.  K., 
Dickey, B.  J., Linington, R.  G., & Jurica, 
M.  S.  (2015). The natural product N-palmitoyl-L-
leucine selectively inhibits late assembly of human 
spliceosomes. The Journal of Biological Chemistry, 
290(46), 27524–27531.

	 87.	Ghigna, C., De Toledo, M., Bonomi, S., Valacca, C., 
Gallo, S., Apicella, M., et al. (2010). Pro-metastatic 
splicing of Ron proto-oncogene mRNA can be 
reversed: Therapeutic potential of bifunctional oli-
gonucleotides and indole derivatives. RNA Biology, 
7(4), 495–503.

	 88.	Soret, J., Bakkour, N., Maire, S., Durand, S., Zekri, 
L., Gabut, M., et al. (2005). Selective modification 
of alternative splicing by indole derivatives that 
target serine-arginine-rich protein splicing factors. 
Proceedings of the National Academy of Sciences, 
102(24), 8764–8769.

	 89.	Han, T., Goralski, M., Gaskill, N., Capota, E., Kim, 
J., Ting, T. C., et al. (2017). Anticancer sulfonamides 
target splicing by inducing RBM39 degradation 
via recruitment to DCAF15. Science, 356(6336), 
eaal3755.

	 90.	Gammons, M.  V., Lucas, R., Dean, R., Coupland, 
S. E., Oltean, S., & Bates, D. O. (2014). Targeting 
SRPK1 to control VEGF-mediated tumour angio-
genesis in metastatic melanoma. British Journal of 
Cancer, 111(3), 477–485.

	 91.	Albert, B. J., McPherson, P. A., O’Brien, K., Czaicki, 
N.  L., De Stefino, V., Osman, S., et  al. (2009). 
Meayamycin inhibits pre-messenger RNA splicing 
and exhibits picomolar activity against multidrug-
resistant cells. Molecular Cancer Therapeutics, 8(8), 
2308–2318.

	 92.	Convertini, P.,  Shen, M., Potter, P.  M., Palacios, 
G., Lagisetti, C., de la Grange, P.,  et  al. (2014). 
Sudemycin E influences alternative splicing and 
changes chromatin modifications. Nucleic Acids 
Research, 42(8), 4947–4961.

	 93.	Kaida, D., Motoyoshi, H., Tashiro, E., Nojima, 
T., Hagiwara, M., Ishigami, K.,  et  al. (2007). 
Spliceostatin a targets SF3b and inhibits both splic-
ing and nuclear retention of pre-mRNA. Nature 
Chemical Biology, 3(9), 576–583.

	 94.	Kotake, Y., Sagane, K., Owa, T., Mimori-Kiyosue, 
Y., Shimizu, H., Uesugi, M., et al. (2007). Splicing 
factor SF3b as a target of the antitumor natural prod-
uct pladienolide. Nature Chemical Biology, 3(9), 
570–575.

	 95.	Finci, L. I., Zhang, X., Huang, X., Zhou, Q., Tsai, J., 
Teng, T., et al. (2018). The cryo-EM structure of the 
SF3b spliceosome complex bound to a splicing mod-
ulator reveals a pre-mRNA substrate competitive 
mechanism of action. Genes & Development, 32(3–
4), 309–320.

	 96.	Eskens, F.  A.,  Ramos, F.  J., Burger, H., O’Brien, 
J. P., Piera, A., de Jonge, M. J. A., et al. (2013). Phase 

Role of Alternative Splicing in Prostate Cancer Aggressiveness and Drug Resistance in African Americans



138

I pharmacokinetic and pharmacodynamic study of 
the first-in-class spliceosome inhibitor E7107  in 
patients with advanced solid tumors. Clinical 
Cancer Research, 19(22), 6296–6304.

	 97.	Hong, D. S., Kurzrock, R., Naing, A., Wheler, J. J., 
Falchook, G.  S., Schiffman, J.  S.,  et  al. (2014). A 
phase I, open-label, single-arm, dose-escalation 
study of E7107, a precursor messenger ribonucleic 
acid (pre-mRNA) splicesome inhibitor adminis-
tered intravenously on days 1 and 8 every 21 days 
to patients with solid tumors. Investigational New 
Drugs, 32(3), 436–444.

	 98.	Seiler, M., Yoshimi, A., Darman, R., Chan, B., 
Keaney, G., Thomas, M., et  al. (2018). H3B-8800, 
an orally available small-molecule splicing modula-
tor, induces lethality in spliceosome-mutant cancers. 
Nature Medicine, 24(4), 497–504.

	 99.	Cao, B., Qi, Y., Zhang, G., Xu, D., Zhan, Y., Alvarez, 
X.,  et  al. (2014). Androgen receptor splice vari-
ants activating the full-length receptor in mediating 
resistance to androgen-directed therapy. Oncotarget, 
5(6), 1646–1656.

	100.	Antonarakis, E.  S., Lu, C., Wang, H., Luber, B., 
Nakazawa, M., Roeser, J. C., et al. (2014). AR-V7 
and resistance to enzalutamide and abiraterone in 
prostate cancer. New England Journal of Medicine, 
371(11), 1028–1038.

	101.	Ko, C.-C.,  Chen, Y.-J., Chen, C.-T., Liu, Y.-C., 
Cheng, F.-C., Hsu, K.-C., & Chow, L.-P.  (2014). 
Chemical proteomics identifies heterogeneous 
nuclear ribonucleoprotein (hnRNP) A1 as the molec-
ular target of Quercetin in its anti-cancer effects in 
PC-3 cells. The Journal of Biological Chemistry, 
289(32), 22078–22089.

	102.	Nadiminty, N., Tummala, R., Liu, C., Lou, W., 
Evans, C. P., & Gao, A. C.  et  al. (2015). NF-κB2/
p52:c-Myc:hnRNPA1 pathway regulates expression 
of androgen receptor splice variants and enzalu-
tamide sensitivity in prostate cancer. Molecular 
Cancer Therapeutics, 14(8), 1884–1895.

	103.	Tummala, R., Lou, W., Gao, A.  C., & Nadiminty, 
N. (2017). Quercetin targets hnRNPA1 to over-
come enzalutamide resistance in prostate cancer 
cells. Molecular Cancer Therapeutics, 16(12), 
2770–2779.

	104.	Stockley, J., arkert, E., Zhou, Y., Robson, C.  N., 
Elliott, D. J., Lindberg, J., et al. (2015). The RNA-
binding protein Sam68 regulates expression and 
transcription function of the androgen receptor splice 
variant AR-V7. Scientific Reports, 5(1), 13426.

	105.	Sun, S., Sprenger, C. C. T., Vessella, R. L., Haugk, 
K., Soriano, K., Mostaghel, E.  A., et  al. (2010). 
Castration resistance in human prostate cancer 
is conferred by a frequently occurring androgen 
receptor splice variant. The Journal of Clinical 
Investigation, 120(8), 2715–2730.

	106.	Hörnberg, E., Ylitalo, E.  B., Crnalic, S., Antti, H., 
Stattin, P., Widmark, A., et  al. (2011). Expression 
of androgen receptor splice variants in prostate can-
cer bone metastases is associated with castration-

resistance and short survival. PLoS One, 6(4), 
e19059.

	107.	Liu, G., Sprenger, C., Wu, P.-J., Sun, S., Uo, T., 
Haugk, K., et al. (2015). MED1 mediates androgen 
receptor splice variant induced gene expression in 
the absence of ligand. Oncotarget, 6(1), 288–304.

	108.	Sahadevan, K.,  Darby, S., Leung, H.  Y., Mathers, 
M. E., Robson, C. N., & Gnanapragasam, V. (2007). 
Selective over-expression of fibroblast growth fac-
tor receptors 1 and 4 in clinical prostate cancer. The 
Journal of Pathology, 213(1), 82–90.

	109.	Carstens, R.  P., Eaton, J.  V, Krigman, H.  R., 
Walther, P. J., & Garcia-Blanco, M. A. et al. (1997). 
Alternative splicing of fibroblast growth factor 
receptor 2 (FGF-R2) in human prostate cancer. 
Oncogene, 15(25), 3059–3065.

	110.	Gnanapragasam, V. J., Robinson, M. C., Marsh, C., 
Robson, C. N., Hamdy, F. C., & Leung, H. (2003). 
FGF8 isoform B expression in human prostate can-
cer. British Journal of Cancer, 88(9), 1432–1438.

	111.	Woolard, J., Wang, W., Bevan, H., Qiu, Y., 
Morbidelli, L., & Al., E. (2004). VEGF165b, an 
inhibitory vascular endothelial growth factor splice 
variant: Mechanism of action, in  vivo effect on 
angiogenesis and endogenous protein expression. 
Cancer Research, 64, 7822–7835.

	112.	Rennel, E., Waine, E., Guan, H., Schüler, Y., 
Leenders, W., Woolard, J., et al. (2008). The endog-
enous anti-angiogenic VEGF isoform, VEGF165b 
inhibits human tumour growth in mice. British 
Journal of Cancer, 98(7), 1250–1257.

	113.	Mavrou, A., Brakspear, K., Hamdollah-Zadeh, M., 
Damodaran, G., Babaei-Jadidi, R., Oxley, J., et  al. 
(2015). Serine-arginine protein kinase 1 (SRPK1) 
inhibition as a potential novel targeted therapeu-
tic strategy in prostate cancer. Oncogene, 34(33), 
4311–4319.

	114.	Mercatante, D. R., Mohler, J. L., & Kole, R. (2002). 
Cellular response to an antisense-mediated shift of 
Bcl-X pre-mRNA splicing and antineoplastic agents. 
The Journal of Biological Chemistry, 277(51), 
49374–49382.

	115.	Busà, R., Paronetto, M.  P., Farini, D., Pierantozzi, 
E., Botti, F., Angelini, D.  F.,  et  al. (2007). The 
RNA-binding protein Sam68 contributes to prolif-
eration and survival of human prostate cancer cells. 
Oncogene, 26(30), 4372–4382.

	116.	Gan, Y., Li, Y., Long, Z., Lee, A.  R., Xie, N., 
Lovnicki, J.  M.,  et  al. (2018). Roles of alternative 
RNA splicing of the Bif-1 gene by SRRM4 during 
the development of treatment-induced neuroendo-
crine prostate cancer. eBioMedicine, 31, 267–275.

	117.	Augello, M. A., Burd, C. J., Birbe, R., McNair, C., 
Ertel, A., Magee, M. S., et al. (2013). Convergence 
of oncogenic and hormone receptor pathways 
promotes metastatic phenotypes. The Journal of 
Clinical Investigation, 123(1), 493–508.

	118.	Olshavsky, N.  A., Comstock, C.  E. S., Schiewer, 
M.  J., Augello, M.  A., Hyslop, T., Sette, C., et  al. 
(2010). Identification of ASF/SF2 as a critical, 

J. Olender and N. H. Lee



139

allele-specific effector of the cyclin D1b oncogene. 
Cancer Research, 70(10), 3975–3984.

	119.	Paronetto, M. P., Cappellari, M., Busà, R., Pedrotti, 
S., Vitali, R., Comstock, C., et al. (2010). Alternative 
splicing of the cyclin D1 proto-oncogene is regu-
lated by the RNA-binding protein Sam68. Cancer 
Research, 70(1), 229–239.

	120.	Munkley, J., Oltean, S., Vodák, D., Wilson, B.  T., 
Livermore, K. E., Zhou, Y., et al. (2015). The andro-
gen receptor controls expression of the cancer-
associated sTn antigen and cell adhesion through 
induction of ST6GalNAc1  in prostate cancer. 
Oncotarget, 6(33), 34358–34374.

	121.	Couture, F., Sabbagh, R., Kwiatkowska, A., 
Desjardins, R., Guay, S.-P., Bouchard, L., & Day, 
R.  (2017). PACE4 undergoes an oncogenic alter-
native splicing switch in cancer. Cancer Research, 
77(24), 6863–6879.

	122.	Uzor, S., Zorzou, P., Bowler, E., Porazinski, S., 
Wilson, I., & Ladomery, M. (2018). Autoregulation 
of the human splice factor kinase CLK1 through 
exon skipping and intron retention. Gene, 670, 
46–54.

	123.	Ko, H.-K., Berk, M., Chung, Y.-M., Willard, 
B., Bareja, R., Rubin, M.,  et  al. (2018). Loss of 
an androgen-inactivating and isoform-specific 
HSD17B4 splice form enables emergence of 
castration-resistant prostate cancer. Cell Reports, 
22(3), 809–819.

	124.	Sramkoski, Michael, R.,Pretlow, T.  G., Giaconia, 
J. M., Pretlow, T. P., Schwartz, S., Sy, M.-S., et al. 
(1999). A new human prostate carcinoma cell line, 
22Rv1. In Vitro Cellular & Developmental Biology - 
Animal, 35(7), 403–409.

	125.	Wainstein, M. A., He, F., Robinson, D., Kung, H.-J., 
Schwartz, S., Giaconia, J. M., et al. (1994). CWR22: 
Androgen-dependent xenograft model derived from 
a primary human prostatic carcinoma1. Cancer 
Research, 54(23), 6049–6052.

	126.	Woods-Burnham, L., Basu, A., Cajigas-Du Ross, 
C. K., Love, A., Yates, C., De Leon, M., et al. (2017). 
The 22Rv1 prostate cancer cell line carries mixed 
genetic ancestry: Implications for prostate cancer 
health disparities research using pre-clinical models. 
The Prostate, 77(16), 1601–1608.

	127.	Bae, V.  L., Jackson-Cook, C.  K., Brothman, 
A.  R., Maygardens, S.  J., & Ware, J.  L.  (1994). 
Tumorigenicity of SV40 T antigen immortalized 
human prostate epithelial cells: Association with 
decreased epidermal growth factor receptor (EGFR) 
expression. International Journal of Cancer, 58(5), 
721–729.

	128.	Bae, V. L. Jackson-Cook, C. K., Maygarden, S.  J., 
Plymate, S.  R., Chen, J., & Ware, J.  L. (1998). 
Metastatic sublines of an SV40 large T antigen 
immortalized human prostate epithelial cell line. The 
Prostate, 34(4), 275–282.

	129.	Spratt, D. E., Chan, T., Waldron, L., Speers, C., Feng, 
F.  Y., Ogunwobi, O.  O., & Osborne, J.  R.  (2016). 
Racial/ethnic disparities in genomic sequencing. 
JAMA Oncology, 2(8), 1070.

	130.	Clayton, E., Bardi, G., Bell, S.  E., Chantry, D., 
Downes, C. P., Gray, A., et al. (2002). A crucial role 
for the p110delta subunit of phosphatidylinositol 
3-kinase in B cell development and activation. The 
Journal of Experimental Medicine, 196(6), 753–763.

	131.	Jou, S.-T., Carpino, N., Takahashi, Y., Piekorz, R., 
Chao, J.-R., Carpino, N.,  et  al. (2002). Essential, 
nonredundant role for the phosphoinositide 3-kinase 
p110delta in signaling by the B-cell receptor com-
plex. Molecular and Cellular Biology, 22(24), 
8580–8591.

	132.	Wang, B.-D., Yang, Q., Ceniccola, K., Bianco, F., 
Andrawis, R., Jarrett, T., et  al. (2013). Androgen 
receptor-target genes in African American prostate 
cancer disparities. Prostate Cancer, 2013, 1–15.

	133.	Brown, J.  R., Byrd, J.  C., Coutre, S.  E., Benson, 
D. M., Flinn, I. W., Wagner-Johnston, N. D., et al. 
(2014). Idelalisib, an inhibitor of phosphatidylinosi-
tol 3-kinase p110δ, for relapsed/refractory chronic 
lymphocytic leukemia. Blood, 123(22), 3390–3397.

	134.	Gopal, A.  K., Kahl, B.  S., de Vos, S., Wagner-
Johnston, N. D., Schuster, S. J., Jurczak, W. J., et al. 
(2014). PI3Kδ inhibition by idelalisib in patients 
with relapsed indolent lymphoma. New England 
Journal of Medicine, 370(11), 1008–1018.

	135.	Shah, A., & Mangaonkar, A. (2015). Idelalisib: 
A novel PI3Kδ inhibitor for chronic lymphocytic 
leukemia. Annals of Pharmacotherapy, 49(10), 
1162–1170.

Role of Alternative Splicing in Prostate Cancer Aggressiveness and Drug Resistance in African Americans


	Role of Alternative Splicing in Prostate Cancer Aggressiveness and Drug Resistance in African Americans
	Introduction
	Prostate Cancer Health Disparities
	Molecular Differences in African American Prostate Cancer
	Alternative Splicing
	Alternative Splicing and Cancer
	Alternative Splicing in Prostate Cancer
	Differential Alternative Splicing of PIK3CD in Prostate Cancer Disparities
	Conclusion
	References




