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A B S T R A C T

Background: Dysregulation of splicing variants (SVs) expression has recently emerged as a novel cancer hallmark.
Although the generation of aberrant SVs (e.g. AR-v7/sst5TMD4/etc.) is associated to prostate-cancer (PCa) aggres-
siveness and/or castration-resistant PCa (CRPC) development, whether the molecular reason behind such phe-
nomena might be linked to a dysregulation of the cellular machinery responsible for the splicing process
[spliceosome-components (SCs) and splicing-factors (SFs)] has not been yet explored.
Methods: Expression levels of 43 key SCs and SFs were measured in two cohorts of PCa-samples: 1) Clinically-
localized formalin-fixed paraffin-embedded PCa-samples (n = 84), and 2) highly-aggressive freshly-obtained
PCa-samples (n = 42).
Findings: A profound dysregulation in the expression of multiple components of the splicing machinery (i.e.
7 SCs/19 SFs) were found in PCa compared to their non-tumor adjacent-regions. Notably, overexpression of
SNRNP200, SRSF3 and SRRM1 (mRNA and/or protein) were associated with relevant clinical (e.g. Gleason score, T-
Stage, metastasis, biochemical recurrence, etc.) and molecular (e.g. AR-v7 expression) parameters of aggressiveness
in PCa-samples. Functional (cell-proliferation/migration) andmechanistic [gene-expression (qPCR) and protein-lev-
els (western-blot)] assays were performed in normal prostate cells (PNT2) and PCa-cells (LNCaP/22Rv1/PC-3/
DU145 cell-lines) in response to SNRNP200, SRSF3 and/or SRRM1 silencing (using specific siRNAs) revealed an over-
all decrease in proliferation/migration-rate in PCa-cells through the modulation of key oncogenic SVs expression
levels (e.g. AR-v7/PKM2/XBP1s) and alteration of oncogenic signaling pathways (e.g. p-AKT/p-JNK).
Interpretation: These results demonstrate that the spliceosome is drastically altered in PCa wherein SNRNP200,
SRSF3 and SRRM1 could represent attractive novel diagnostic/prognostic and therapeutic targets for PCa and CRPC.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords:

Prostate cancer
Splicing
Spliceosome
SNRNP200
SRSF3
SRRM1
Therapeutic target
s (R.M. Luque).

B.V. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction

Dysregulation of the alternative splicing process is considered a
key hallmark of cancer and could represent a novel source for the
identification of diagnostic, prognostic and therapeutic targets in
highly prevalent tumor pathologies [1]. Specifically, alternative splic-
ing represents an essential biological process by which the introns of
an immature pre-mRNA are excised, and the exons are fused to gen-
erate mature mRNAs capable to be translated into functional proteins
[2]. Indeed, most eukaryotic genes undergo alternative splicing, lead-
ing to a higher molecular flexibility through the increase of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2019.11.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:raul.luque@uco.es
mailto:bc2luhur@uco.es
https://doi.org/10.1016/j.ebiom.2019.11.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2019.11.008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom


Research in context

Evidence before this study

Early studies have demonstrated that the dysregulation of the
expression of several splicing variants [e.g. Androgen receptor
variant-7 (AR-v7), truncated somatostatin receptor SST5TMD4,
In1-ghrelin, etc.) increases prostate cancer (PCa) aggressiveness
and/or promotes resistance to the available drugs currently
used in clinical practice (e.g. antiandrogens), hampering the
treatment and the management of PCa patients. In this context,
it is well known that this process is catalyzed by a macromolec-
ular machinery (i.e. spliceosome) and regulated by specific pro-
teins (i.e. splicing factors; SFs). However, the putative
dysregulation of spliceosome components (SCs) and splicing
factors in PCa as well as the potential of these elements as diag-
nostic, prognostic and/or therapeutic tools for this pathology
remain poorly known.

Added value of this study

Our study demonstrates that the expression of several SCs and
SFs are drastically dysregulated in PCa tissues compared with
control (non-tumoral) tissues. Of particular importance is the
demonstration that the changes in the expression of SNRNP200,
SRSF3 and SRRM1 (at the mRNA and protein level) are associ-
ated to key clinical features of aggressiveness (e.g. Gleason
score, biochemical recurrence, presence of metastasis, vascular
and perineural invasion) in PCa patients as well as to important
molecular phenotypes (e.g. AR-v7 expression) of PCa. Notably,
this study also shows that the silencing of the expression of
SNRNP200, SRRM1 and SRSF3: 1) evoked clear antitumor actions
in PCa cells (e.g. inhibition of proliferation, migration) through
the modulation of key oncogenic signaling pathways (e.g. PI3K/
AKT, ERK, JNK) and splicing variants (e.g. AR-v7, PKM2, XBP1s),
and, 2) was able to re-sensitizes PCa cells to enzalutamide treat-
ment, pointing out the potential therapeutic utility of these ele-
ments for the most aggressive phenotype of PCa, castration
resistant PCa, which remains lethal nowadays.

Implications of all the available evidence

Altered expression of splicing machinery elements (spliceo-
some components and splicing factors) might be associated
with the development, progression and aggressiveness of PCa.
Our data demonstrate the existence of a splicing machinery-
associated molecular dysregulation that could be potentially
considered as a source of novel diagnostic and prognostic bio-
markers as well as therapeutic targets for PCa. Specifically, our
results reveal that three components of the splicing machinery
(SNRNP200, SRSF3 and SRRM1) could represent potential,
global and effective therapeutic targets to tackle this devastat-
ing pathology.
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transcripts generated from a given gene [2]. Unfortunately, dysregu-
lations of this process are associated to the appearance of diverse
protein isoforms that could exhibit strong pathological potential [1].
In eukaryotes, the control of the appropriate splicing process is
orchestrated by the spliceosome, a complex cellular machinery com-
prised by different small nuclear ribonucleoproteins (RNU1, RNU2,
etc.) and core spliceosome-associated proteins (PRPF8, PRPF40A,
U2AF2, SF3B1, etc.). The spliceosome dynamically interacts with
additional proteins (splicing factors; SFs) to finely recognize the
introns and exons to be processed and to catalyze the splicing process
of the pre-RNAs [1]. The appropriate functioning of this cellular
machinery is essential to maintain the cellular, tissue and body
homeostasis and, therefore, the dysregulation of this process has
been associated to different diseases, including endocrine-metabolic
and tumor pathologies [2].

In this scenario, it has been shown that alternative splicing
contributes to the heterogeneity, aggressiveness and resistance to
medical treatment of prostate cancer (PCa), one of the most
important public health problems worldwide with numbers of
cases increasing significantly every year [3]. In this context, sev-
eral studies have demonstrated that the androgen receptor (AR)
gene is a source of splicing variants (SVs), especially AR-v7, which
is a key driver for PCa progression (e.g. increased risk of biochem-
ical relapse and inferior overall survival outcomes). In addition, a
number of cancer-specific SVs has been identified in PCa, includ-
ing SST5TMD4 [4], PKM2 [5], REST4 [6], XBP1s [7], In1-Ghrelin [8]
etc., which also play an oncogenic role in this tumor pathology.
In fact, it has been proposed that the “splicing signature” repre-
sents a more accurate parameter to stratify patients than the
“transcriptome signature”, which is typically analysed by conven-
tional microarray analyses [9]. Thus, the understanding of the
regulation of splicing in normal and pathological prostate cells
may help to identify novel biomarkers and therapeutic targets for
this devastating tumor pathology. However, to the best of our
knowledge, to date no studies have been focused on the mecha-
nisms driving the generation of the SVs (i.e. the regulation of the
splicing machinery), which might provide new contexts for the
development of novel strategies to tackle PCa, since targeting the
activity of selected spliceosome components that may be dysre-
gulated in PCa could serve to inhibit the generation of oncogenic
SVs (e.g. AR-v7), representing an attractive therapeutic strategy
for PCa. Therefore, in this study we aimed to determine for the
first time the expression levels of a representative set of spliceo-
some components (SCs) and SFs and their relationship with clini-
cal and molecular features of PCa-aggressiveness, as well as its
pathological role in this disease.

2. Material and methods

2.1. Patients and samples

This study was approved by the Reina Sofia University Hospital
Ethics Committee and was conducted in accordance with the princi-
ples of the Declaration of Helsinki. The regional Biobank coordinated
the collection, processing, management and assignment of the bio-
logical samples used in the present study according to the standard
procedures established for this purpose. Written informed consent
was obtained from all patients. Two different cohorts of prostate
samples were included in this study:

- Cohort 1) formalin-fixed, paraffin-embedded (FFPE) PCa tissues
(n = 84) and their non-tumor adjacent region (N-TAR; used as
control tissues; n = 84), taken from radical prostatectomies from
patients diagnosed with clinically localized PCa (Table 1).

- Cohort 2) fresh PCa samples (n = 42) that were obtained by core
needle biopsies from patients with suspect of presenting signifi-
cant PCa [defined as Gleason score (GS) � 7; highly aggressive
PCa], which was further confirmed histologically by uro-patholo-
gists (Table 2).

The clinical parameters collected from each patient were GS (ana-
lysed by uro-pathologists following the modified 2005, 2010 and
2014 ISUP criteria, based on the sample collection date), T-Stage,
perineural invasion, lymphovascular invasion, presence of metastases
at diagnose (determined by computed tomography and bone scan)
and biochemical recurrence (defined by two consecutive PSA values
> 0.2 ng/mL and rising, after radical prostatectomy).



Table 1
Demographic, biochemical and clinical parameters of the patients with clinically
localized PCa (Cohort 1). PSA: Prostate specific antigen; SigPCa: Significant PCa,
defined as Gleason score � 7; pT: Pathological primary tumor staging; PI: Perineural
invasion; VI: Vascular invasion.

Parameter

Patients [n] 84
Age, years [median (IQR)] 61 (57�66)
PSA levels, ng/mL [median (IQR)] 5.2 (4.2�8.0)
Sig PCa [n (%)] 76 (90.5%)
pT � 3a [n (%)] 59 (70.2%)
PI [n (%)] 72 (85.7%)
VI [n (%)] 8 (9.52%)
Recurrence [n (%)] 35 (41.7%)
Metastasis [n (%)] 0 (0%)
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2.2. Cell cultures

PCa cell lines (LNCaP, 22Rv1, PC-3 and DU145) were obtained
from American Type Culture Collection (ATCC; Manassas, VA, USA)
while normal prostate cell line PNT2 was a kind gift from Dr. J. De
Bono. These cell lines were cultured according to manufacturer
instructions as previously described [4,8,10], validated by analysis of
short tandem repeats (STRs) sequences using GenePrint 10 System
(Promega, Barcelona, Spain) and checked for mycoplasma contamina-
tion by PCR as previously reported [4]. For functional assays, LNCaP,
22Rv1 and DU145 cell lines were used. For mechanistic assays, 22Rv1
cells were used since this cell line represents a PCa model with AR
and AR-v7 expression.
2.3. Transfection with specific siRNAs

For silencing assays, LNCaP, 22Rv1 and DU145 cell lines were
used. Specifically, 200,000 cells were seeded in 6-well plates and
grown until 70% of confluence was reached. Then, cells were trans-
fected with specific siRNAs against SNRNP200 (#124735; Thermo
Fisher Scientific, Madrid, Spain), SRRM1 (s20018; Thermo Fisher Sci-
entific) and SRSF3 (s12733; Thermo Fisher Scientific) at 100 nM, using
Lipofectamine-RNAiMAX (Thermo Fisher Scientific) as previously
reported [22]. After 24h, cells were collected for quantitative-PCR
(qPCR), western blot, cell proliferation and/or cell migration assays.
2.4. Cell proliferation

In order to determine the effect of the silencing of SNRNP200,
SRRM1 and SRSF3 on cell proliferation, Alamar-Blue assay (Bio-Source
International, Camarillo, CA, USA) was performed in LNCaP, 22Rv1
and DU145 cell lines, as previously reported [4]. Briefly, cells were
seeded in 96-well plates at a density of 3,000�5,000 cells/well and
serum-starved for 24h, then cell proliferation was evaluated using
the FlexStation III system (Molecular Devices, Sunnyvale, CA, USA)
until 72 h.
Table 2
Demographic, biochemical and clinical parameters of the patients with highly
aggressive PCa (Cohort 2). PSA: Prostate specific antigen; SigPCa: Significant PCa
defined as Gleason score � 7.

Parameter

Patients [n] 42
Age, years [median (IQR)] 75 (69�81)
PSA levels, ng/mL [median (IQR)] 62.0 (36.2�254.5)
SigPCa [n (%)] 42 (100%)
Metastasis [n (%)] 28 (66.7%)
2.5. Enzalutamide-sensitization assay

To test the role of SNRNP200, SRRM1 and SRSF3 on the response to
enzalutamide treatment (#1613, Axon Medchem, Groningen, The
Netherlands), cell proliferation was evaluated. Specifically, LNCaP
and 22Rv1 cells were acclimated during 24h to RPMI 1640
without phenol-red supplemented with charcoal-stripped serum
(#A3382101; Thermo Fisher Scientific). Then, scrambled- or siRNA-
transfected cells were treated with enzalutamide at 1mM. All cells
were treated with 5a-dihydrotestosterone (DHT; # D-073; Merck,
Madrid, Spain) at 10 nM. Cell proliferation was calculated, after 24h
of treatment, as described above. Results were expressed as percent-
age referred to scramble treated with vehicle (DMSO) plus DHT treat-
ment.

2.6. Cell migration

Cell migration was evaluated by wound-healing assay in DU145
cell line in response to SNRNP200, SRRM1, SRSF3 silencing, due to the
inability of LNCaP and 22Rv1 cells to migrate. Specifically, images of
the scratch were taken at 0 and 12 h and wound healing was calcu-
lated as the area observed 12 h after the wound was made vs. the
area observed just after wounding, as previously described [4].
Results were expressed as percentage referred to scramble.

2.7. Western blot

Protein levels of several PCa-related genes were analysed in
22Rv1 cells as previously reported [4]. Briefly, 200,000 cells were
seeded in 12-well plates and after two days, proteins were extracted
using pre-warmed (65 °C) SDS-DTT buffer (62.5mM Tris�HCl, 2%
SDS, 20% glycerol, 100mM DTT, and 0.005% bromophenol blue).
Then, proteins were sonicated for 10 s and boiled for 5min at 95 °C.
Proteins were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes (Millipore, Billerica, MA, USA). Membranes were
blocked with 5% non-fat dry milk in Tris-buffered saline/0.05% Tween
20 and incubated overnight with the specific antibodies for phospho-
AKT (#4060S; Cell Signaling, Leiden, NLD), phospho-ERK (#4370S;
Cell Signaling), phospho-JNK (AF1205; R&D-Systems, Minneapolis,
MN, USA), AKT (#9272S; Cell Signaling), ERK (sc-154; Santa Cruz Bio-
technology, Dallas, TX, USA), JNK (AF1387; R&D Systems), SNRNP200
(ab241589; Abcam, Camdridge, UK), SRRM1 (PA5-69086; Thermo
Fisher Scientific), SRSF3 (ab198291; Abcam) and the secondary anti-
body HRP-conjugated goat anti-rabbit IgG (#7074 s; Cell Signaling).
Specifically, the specificity of SNRNP200 and SRSF3 antibodies was
validated in our laboratory by western blot and ICC (only 1 band was
recognized by western blot and depletion of protein quantity was
observed in response to specific siRNAs using western blot and ICC
approaches). SRRM1 specificity was not completely validated since
more than 1 band was recognized in western blot (however, deple-
tion of protein quantity was observed in response to a specific siRNAs
using western blot and ICC approaches). Proteins were detected using
an enhanced chemiluminescence detection system (GEHealthcare,
Madrid, Spain) with dyed molecular weight markers (Bio-Rad,
Madrid, Spain). A densitometry analysis of the bands obtained was
carried out with ImageJ software, using total AKT, ERK and JNK pro-
tein levels as normalizing factor for phospho-AKT, phospho-ERK and
phospho-JNK, respectively.

2.8. RNA extraction

Total RNA from FFPE samples was isolated and DNase-treated
using the Maxwell 16 LEVRNA FFPE Kit (Promega, Madison, WI, USA)
according to manufacturer instructions in the Maxwell MDx 16
Instrument (Promega, Madrid, Spain). Additionally, total RNA was
extracted from fresh samples using the AllPrep DNA/RNA/Protein
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Mini Kit (Qiagen) and from PCa cell lines using TRIzol Reagent
(Thermo Fisher Scientific, Waltham, MA, USA), followed, in both
cases, by DNase treatment using RNase-Free DNase Kit (Qiagen, Hil-
den, DEU). Total RNA concentration and purity was assessed using
Nanodrop One Spectrophotometer (Thermo Fisher Scientific). Total
RNA was retrotranscribed using random hexamer primers and the
cDNA First Strand Synthesis kit (Thermo Fisher Scientific).
2.9. qPCR dynamic array based on microfluidic technology

A qPCR dynamic array based on microfluidic technology that
allows the determination of the expression of 45 transcripts in 48
samples, simultaneously, (Fluidigm, San Francisco, CA, USA) was
implemented. Specific primers for human transcripts including com-
ponents of the major spliceosome (n = 10), minor spliceosome (n = 4),
associated SFs (n = 25) and three housekeeping genes (ACTB, GAPDH
and HPRT) were specifically designed with the Primer3 software and
StepOneTM Real-Time PCR System software v2.3 (Applied Biosystems,
Foster City, CA, USA) (Supplemental Table 1). Preamplification, exo-
nuclease treatment and qPCR dynamic array based on microfluidic
technology were implemented as recently reported [11,12], following
manufacturer’s instructions using the Biomark System and the Real-
Time PCR Analysis Software (Fluidigm). To control for variations in
the efficiency of the retro-transcription reaction, mRNA copy num-
bers of the different transcripts analysed were adjusted by normali-
zation factor, calculated with the expression levels of ACTB and
GAPDH using GeNorm 3.3 [13].
2.10. RNA retrotranscription and quantitative real-time PCR

Details regarding the development, validation, and application of
the quantitative real-time PCR to measure expression levels of the
transcripts of interest have been previously reported by our labora-
tory [14�17]. Specific primers set used to measure the expression
levels of the genes of interest in this study are described in Supple-
mental Table 2. Specifically, primers for KLF6-SV1, KLF6, PKM2, PKM1,
REST4 and REST transcripts were obtained from previous studies
[18�20]. To control for variations in the efficiency of the retro-tran-
scription reaction, mRNA copy numbers of the different transcripts
analysed were adjusted by a normalization factor which was calcu-
lated with the expression levels of ACTB and GAPDH using GeNorm
3.3 [13].
2.11. Immunohistochemistry (IHC) analysis

IHC analysis was performed on FFPE prostate samples that were
obtained by core needle biopsies from patients of cohort 2, since they
represent the most aggressive cohort of our study (GS�7). Samples
of benign prostatic hyperplasia (BPH), prostatic intraepithelial neo-
plasia (PIN) and non-significant PCa with GS=6 (n = 7, 6 and 5, respec-
tively) also taken by core needle biopsies were included in this
analysis as control samples and low aggressive PCa, respectively.
Briefly, deparaffinized sections were incubated overnight (4 °C) with
the primary antibodies against the proteins of interest [i.e. SNRNP200
(ab241589; Abcam), SRRM1 (PA5-69086; Thermo Fisher Scientific) or
SRSF3 (ab198291; Abcam)] at 1:250 dilution, followed by incubation
with an anti-rabbit horseradish peroxidase�conjugated secondary
antibody (#7074; Cell Signaling). Finally, sections were developed
with 3,39-diaminobenzidine (Envision system 2-Kit Solution DAB)
and contrasted with haematoxylin. Two independent pathologists
performed histopathologic analyses indicating low, moderate, and
high intensities of staining, following a blinded protocol.
2.12. Statistical and bioinformatic analyses

Statistical differences between two groups were calculated by
unpaired parametric t-test or nonparametric Mann Whitney U test,
according to normality, assessed by Kolmogorov-Smirnov test. For
differences among three groups, One-Way ANOVA analysis was per-
formed. Spearman's or Pearson�s bivariate correlations were per-
formed for quantitative variables according to normality. Significant
relation between categorized mRNA expression and biochemical PCa
recurrence was studied using the long-rank-p-value method. Predic-
tive models were constructed by Random Forest algorithm (with R
language) as classifier as previously reported [11,12]. The rest of the
statistical analyses were assessed using GraphPad Prism 7 (GraphPad
Software, La Jolla, CA) or SPSS version 17.0. All the experiments were
performed in, at least, 3 independent times (n� 3), and with at least
2 technical replicates. Statistical significance was considered when
p<0.05. A trend for significance was indicated when p-values ranged
between >0.05 and <0.1.

3. Results

3.1. Expression levels of spliceosome components and splicing factors
are dysregulated in PCa and are associated with clinical and molecular
aggressiveness features

The expression levels of 26 out of 45 (58%) genes involved in the
pre-RNA splicing process were found to be significantly dysregulated
in PCa-tissues compared to their respective control-tissues (N-TAR)
from a cohort of patients with clinically-localized PCa (n = 84; Table 1;
Fig. 1a/b). Specifically, the SCs RNU4, RNU6, PRPF40A, SF3B1,
SNRNP200, U2AF2 and RNU12 were overexpressed in PCa-tissues
(Fig. 1a). Additionally, the SFs ESRP1, ESRP2, KHDRBS1, MAGOH,
NOVA1, PTBP1, RBM3, RBM45, SND1, SRSF2, SRSF3, SRSF4, SRSF5, SRSF9,
SRSF10, SRRM1, TIA1 and TRA2Awere also overexpressed while the SF
SRRM4 was down-regulated in PCa-tissues (Fig. 1b). No statistically
significant differences were observed in the expression levels of the
rest of SCs and SFs analysed (Supplemental Figure 1). Non-supervised
clustering bioinformatic approaches (Random Forest algorithm)
revealed that the molecular fingerprint comprised by the combina-
tion of the expression of SNRNP200, SRRM1, SRSF3, TIA1, SRSF10,
U2AF2, SRSF9, SRRM4, SND1, ESRP1, and KHDRBS1 perfectly discrimi-
nated between PCa and N-TARs samples with an AUC=1 (Fig. 1c).
This was further supported by cross-validation analysis of this molec-
ular fingerprint (AUC=0.83, p<0.0001; Fig. 1d).

Notably, the expression levels of the 85% (22 out of 26) SCs and
SFs found dysregulated herein were significantly associated and/or
correlated with at least one clinical parameter of PCa-aggressiveness
(Tables 3 and 4). Remarkably, SNRNP200, SRRM1 and SRSF3 were the
only genes whose expression was directly associated/correlated with
all the clinical parameters of aggressiveness (Gleason score, T-Stage,
perineural- and lymphovascular-invasion; Table 3; Fig. 1e) and pro-
gression (biochemical recurrence; Table 4; Fig. 1f) available in this
cohort of patients. In addition, in silico data showed the overexpres-
sion in PCa samples of SNRNP200 in Singh, Wallace and Welsh data-
sets. Moreover, SRRM1 was found to be overexpressed in PCa
samples in Welsh and Tomlins datasets, while a trend was observed
in Wallace dataset (p = 0.089). On the other hand, an overexpression
of SRSF3 in PCa samples was found in Singh and Tomlins datasets
(Supplemental Figure 2).

Based on these results, we further analysed the expression levels
of SNRNP200, SRRM1 and SRSF3 in an independent and more aggres-
sive cohort of PCa-samples (Table 2). These analyses revealed an
association between the elevated expression levels of SNRNP200,
SRRM1 and SRSF3 in PCa-samples and the presence of metastases at
the moment of diagnosis (Fig. 2a). SNRNP200 and SRSF3 expression
tended to be positively correlated with Gleason score (p = 0.053,



Fig. 1. Expression of spliceosome components and splicing factors in prostate cancer (PCa) samples. (a�b) Comparison of mRNA levels of spliceosome components (a) and splicing
factors (b) between formalin-fixed paraffin embedded (FFPE) samples from PCa samples and non-tumor adjacent regions (N-TAR) (n = 84) determined by a microfluidic-based qPCR
array. Data represent the mean§ SEM of mRNA expression levels adjusted by normalization factor (calculated from ACTB and GAPDH expression levels) and standardized by Z-score.
c-d) ROC curves of a subset of spliceosome components and splicing factors generated by Random Forest computational algorithm (c) followed by cross validation analysis (d) to dis-
tinguish between tumor and N-TAR samples. e) Association between the expression levels of selected spliceosome components and splicing factors (SNRNP200, SRRM1 and SRSF3)
and clinical parameters (Gleason score, T-Stage, perineural and lymphovascular invasion) in the same cohort of FFPE samples (n = 84). Correlations are represented by mean (con-
necting line) and error bands (pointed line) of expression levels. Data of associations represent the mean § SEM of mRNA expression levels adjusted by normalization factor (calcu-
lated from ACTB and GAPDH expression levels). f) Association between SNRNP200, SRRM1 and SRSF3 expression levels and biochemical PCa recurrence in 67 samples from FFPE
cohort (samples from patients who underwent adjuvant radiotherapy were not included), calculated by Log Rank analysis (LR). mRNA levels were determined by a microfluidic-
based qPCR array and adjusted by normalization factor calculated from ACTB and GAPDH expression levels. Asterisks (* p<0.05; ** p<0.01; *** p<0.001) indicate statistically signif-
icant differences between groups.
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Table 3
Correlation and association of SNRNP200, SRRM1 and SRSF3 expression levels with clinical features of prostate cancer aggressiveness. Data of correlations
represent the coefficient "r". Data of associations represent the difference between means of each group § standard deviation. Significant prostate cancer
(SigPCa) is defined as Gleason score � 7. Asterisks (* p<0.05; ** p<0.01; ** p<0.001) indicate statistically significant differences between groups.

Correlations Associations

Gleason score T- Stage Perineural Invasion Lymphovascular Invasion SigPca

RNU4 0.122 0.239* 9,664,718,823§ 3,162,530,673 ** 7,730,140,948§ 3,078,119,236 * 7,526,218,231§ 3,298,861,131 *
RNU6 0.235* 0.075 230,034,826§ 72,616,606 ** 119,362,920§ 102,513,311 163,738,961§ 75,084,561 *
PRPF40A 0.184 0.214 1,801,231§ 878,336 * 1,669,010§ 855,998 1,789,300§ 832,618 *
SF3B1 0.312** 0.121 9,003,875§ 3,487,752 * 10,853,954§ 4,783,529 ** 5,808,930§ 3,941,225
U2AF2 0.09 0.083 714,287§ 348,778 * 807,889§ 481,128 347,329§ 370,880
SNRNP200 0.264* 0.247* 2,681,185,105§ 1,175,955,224 * 2,812,777,484§ 1,275,566,115 * 2,125,357,393§ 1,042,911,480 *
RNU12 0.321** 0.178 395,441§ 132,486 ** 133,816§ 149,579 208,236§ 139,628
ESRP1 0.319** 0.166 1,658,118§ 916,550 2,151,271§ 1,084,569 1,874,015§ 936,328 *
ESRP2 0.281* 0.254* 1,953,298§ 1,179,570 3,964,985§ 1,266,549 ** 2,941,102§ 1,300,974 *
KHDRBS1 0.128 0.215 8,816,079§ 4,355,945 * 7,047,264§ 5,942,380 10,326,770§ 4,988,242 *
MAGOH 0.331** 0.173 572,836§ 376,052 1,036,475§ 489,737 * 772,768§ 395,132
NOVA1 0.131 0.211 1,375,554§ 1,240,422 2,891,594§ 1,397,232 * 1,968,158§ 1,417,671
PTB 0.189 0.197 462,842§ 504,081 707,443§ 685,520 923,496§ 547,502
RBM3 0.141 0.139 1,831,860§ 1,133,513 2,948,642§ 1,333,148 * 2,051,801§ 1,189,264
RBM45 0.145 0.159 2,144,099§ 1,086,705 2,444,946§ 1,430,495 1,613,514§ 1,237,865
SND1 0.236* 0.167 6,829,797§ 3,127,408 * 8,116,316§ 3,698,131 * 7,483,290§ 3,461,207 *
SRSF2 0.284* 0.161 903,780§ 409,990 * 1,099,682§ 533,886 * 914,182§ 460,892
SRSF3 0.289* 0.274* 13,698,858§ 5,050,576 ** 12,653,631§ 5,712,504 * 10,070,038§ 5,031,330 *
SRSF4 0.139 0.169 2,131,612§ 857,251 * 3,422,072§ 1,068,338 ** 941,268§ 902,489
SRSF5 0.055 0.129 105,348,741§ 37,924,790 ** 141,185,003§ 48,026,387 ** 35,477,260§ 37,643,655
SRSF9 0.088 0.211 33,397,890§ 12,917,648 * 28,501,453§ 15,538,733 26,539,564§ 14,468,693
SRSF10 0.057 0.218 10,135,257§ 4,077,596 * 10,622,878§ 5,604,567 4,248,356§ 4,293,783
SRRM1 0.211* 0.224* 9,522,292§ 4,314,271 * 9,444,197§ 4,007,860 * 9,478,531§ 4,760,093 *
SRRM4 �0.154 0.107 53,981§ 33,971 -2375§ 34,689 47,458§ 36,610
TIA1 0.114 0.246* 5,965,156§ 2,459,924 * 6,334,929§ 2,989,097 5,493,989§ 2,630,409*
TRA2A 0.141 0.191 27,361,791§ 12,693,441 * 39,100,412§ 15,368,002 29,010,940§ 15,801,444
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R = 0.308; p = 0.086, R = 0.290; respectively; Fig. 2b). Furthermore,
SNRNP200, SRRM1 and/or SRSF3 expression directly correlated with
the expression levels of the oncogenic SV AR-v7 [(Fig. 2c); but not
with AR expression (Fig. 2d)], with MKI67 (Fig. 2e) and KLK3 (i.e.
SRSF3 and SRRM1, but not SNRNP200; Fig. 2f).

3.2. Protein levels of SNRNP200, SRRM1 and SRSF3 are elevated in PCa
samples and associated with clinical aggressiveness features

IHC analyses using FFPE samples from the cohort of patients
with highly-aggressive PCa (Table 2) revealed that SNRNP200,
SRSF3 and SRRM1 protein levels were significantly higher in PCa-
samples compared to controls samples (FFPE samples of patients
with PIN and/or BPH). Specifically, nuclear staining of SNRNP200
was higher in PCa samples compared to PIN and BPH samples.
Low levels of cytoplasmic SNRNP200 protein were detected, while
no changes were observed among groups (data not shown). Fur-
thermore, although cytoplasmic protein level of SRRM1 was not
detected, SRRM1-nuclear levels were significantly higher in PCa-
samples compared to BPH and PIN samples (Fig. 3b). In contrast,
no differences among SRSF3-nuclear staining were found between
PCa, BPH and PIN samples (data not shown); however, SRSF3-
cytoplasmic staining was significantly higher in PCa and PIN sam-
ples compared to BPH samples (Fig. 3c). Finally, SNRNP200,
SRRM1 and SRSF3 protein levels were associated with clinically
significant PCa (SigPCa; Gleason score�7) and, in the case of
SRRM1 and SRSF3, tended to be associated with the presence of
metastasis (p = =0.077, p = =0.067, respectively).

3.3. Silencing of SNRNP200, SRRM1 and SRSF3 expression decreases
functional parameters of aggressiveness in PCa cells

The analysis of the expression levels of SNRNP200, SRRM1 and
SRSF3 in prostate-derived cell lines showed that: 1) SNRNP200 was
overexpressed in the PCa-derived cell lines 22Rv1, LNCaP and DU145
compared to the normal-like prostate cell line PNT2 (Fig. 4a, left-
panel); 2) SRRM1 was significantly overexpressed in all the PCa cell
lines compared to PNT2 (Fig. 4a, middle-panel); and, 3) that SRSF3
was overexpressed in 22Rv1, DU145 and PC-3 compared to PNT2
(Fig. 4a, right-panel). Therefore, we selected an androgen-dependent
AR+/AR-v7� model (LNCaP), an androgen-independent AR+/AR-
v7+model (22Rv1) and an androgen independent AR�/AR-v7� model
(DU145) to perform functional experiments in response to the silenc-
ing of these three genes. The silencing of SNRNP200, SRRM1 and
SRSF3 in response to specific siRNAs was validated at mRNA levels in
LNCaP, 22Rv1 and DU145 cells (Fig. 4b), as well as at protein levels in
DU145 cells (Supplemental Figure 3). Remarkably, no effects in prolif-
eration rate were observed in response to scramble-siRNA in LNCaP,
22Rv1 and DU145 as compared to non-transfected cells (Supplemen-
tal Figure 4). Specifically, proliferation rate of LNCaP cells significantly
decreased at 48 and 72 h in response to SNRNP200- and SRRM1-
silencing, as well as at 24, 48 and 72 h in response to SRSF3-silencing
(Fig. 4c) compared to scramble-transfected cells. Moreover, the
silencing of SNRNP200, SRRM1 and SRSF3 significantly decreased pro-
liferation rate (at 48 and 72 h) in 22Rv1 and DU145 (Fig. 4c). In addi-
tion, silencing of SNRNP200, SRSF3, but not SRRM1, reduced migration
rate in DU145 cells (Fig. 4d).
3.4. Silencing of SNRNP200, SRRM1 and SRSF3 modulates relevant
signaling pathways and the expression of oncogenic splicing variants in
PCa

The silencing of SRRM1 significantly decreased the phosphoryla-
tion levels of AKT, while silencing of SRSF3 increased phosphorylation
levels of ERK and decreased that of JNK (Fig. 5a). In contrast, no statis-
tically significant changes in the phosphorylation levels of AKT, ERK
or JNK were observed in response to SNRNP200-silencing (Fig. 5a).



Table 4
Association of expression levels of spliceosome components and splicing factors with
the development of biochemical recurrence of prostate cancer.

Factor LongRank p value

RNU4 1.822 0.177
RNU6 5.046 0.025
PRPF40A 4.938 0.026
SF3B1 4.012 0.045
U2AF2 4.222 0.040
RNU12 2.844 0.092
ESRP1 3.201 0.074
ESRP2 5.049 0.025
KHDRBS1 4.455 0.035
MAGOH 2.540 0.111
NOVA1 4.758 0.029
PTBP1 4.407 0.036
RBM3 1.631 0.202
RBM45 5.075 0.024
SND1 4.992 0.025
SRSF2 4.632 0.031
SRSF4 3.722 0.054
SRSF5 3.944 0.047
SRSF9 4.349 0.037
SRSF10 3.971 0.046
SRRM4 1.703 0.192
TIA1 4.551 0.033
TRA2A 4.702 0.030
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The silencing of the expression of SNRNP200, SRRM1 and SRSF3
reduced the expression levels of the oncogenic splicing variants
PKM2, CASP2S and XBP1s, without altering the expression of PKM1,
CASP2 and XBP1u. Therefore, SNRNP200-, SRRM1- and SRSF3-silencing
decreased PKM2/PKM1, CASP2S/CASP2 and XBP1s/XBP1u ratio
(Fig. 5b). Moreover, only SRRM1-silencing resulted in a decrease in
Fig. 2. Expression of SNRNP200, SRRM1 and SRSF3 in a highly aggressive cohort of prostate
highly-aggressive PCa samples, with or without the presence of metastasis (n = 42). repres
SRRM1 and SRSF3 expression levels and Gleason score (b), expression levels of AR-v7 (c), AR (
array and adjusted by normalization factor calculated from ACTB and GAPDH expression leve
the REST4/REST expression ratio (by a reduction of REST4 without
alteration of REST) and in a reduction of KLF6-SV1 expression
(Fig. 5b). In the case of AR splicing process, silencing of SNRNP200 and
SRRM1 (but not SRSF3) evoked a decrease in the ratio of the AR-v7/AR
expression, by a reduction of AR-v7 without altering AR expression;
while the silencing of SRSF3 decreased both AR-v7 and AR expression.
Due to the importance of AR-v7 on PCa aggressiveness, we deter-
mined whether SNRNP200 and SRRM1 could control the expression
levels of splicing factors previously associated to the modulation of
AR gene splicing and with AR-v7 generation [i.e. KHDRBS1 [21], SFPQ
[22] and U2AF2 [23]]. However, the expression levels of KHDRBS1,
SFPQ and U2AF2 were not significantly altered in response to the
silencing of SNRNP200 or SRRM1 (Fig. 5c). In addition, no statistically
significant changes were observed in the expression of additional
splicing variants, such as SST5TMD4 and In1-ghrelin, in response to
SNRNP200-, SRRM1- and SRSF3-silencing (Fig. 5b).

Finally, expression levels of classical markers of PCa aggres-
siveness were analysed in response to SNRNP200-, SRRM1- and
SRSF3-silencing. Specifically, C-MYC expression levels were reduced
in response to SRSF3-silencing, while those of TP53 were increased in
response to SNRNP200-silencing (Fig. 5d). In addition, the silencing of
SNRNP200, SRRM1 and SRSF3 resulted in a significantly increase of
the expression levels of PTEN (Fig. 5d).
3.5. Silencing of SNRNP200, SRRM1 and SRSF3 enhanced the antitumor
actions of enzalutamide in PCa cells

In order to test the effects of SNRNP200-, SRRM1- and SRSF3-silenc-
ing on androgens and enzalutamide responsiveness, we evaluated pro-
liferation rate of 22Rv1 and LNCaP cells after 24h. We used this
experimental paradigm in that cell proliferation was not significantly
cancer (PCa) samples. (a) SNRNP200, SRRM1 and SRSF3 expression levels in a battery of
ent the mean § SEM of mRNA expression levels. b-f) Correlation between SNRNP200,
d) MKI67 (e) and KLK3 (f). mRNA levels were determined by a microfluidic-based qPCR
ls. Asterisk (* p<0.05) indicates statistically significant differences between groups.



Fig. 3. Immunohistochemical analysis of SNRNP200, SRRM1 and SRSF3 in prostate cancer (PCa) samples. a) Comparison of SNRNP200, SRRM1 (b) and SRSF3 (c) protein levels by
immunohistochemistry (IHC) between a representative set of PCa samples (n = 47), prostatic intraepithelial neoplasia (PIN; n = 6) and benign prostatic hyperplasia (BPH; n = 7). Asso-
ciation of protein levels with clinically significant PCa (SigPCa; defined as Gleason score higher than 7) and the presence of metastasis at diagnosis (central panel and right panel,
respectively). Representative images of BPH, PIN, PCa with Gleason score =6 and SigPCa stained with SNRNP200 (400£ magnification), SRRM1 (400£ magnification) and SRSF3
(200£ magnification) antibodies are showed below a, b and c panels, respectively. Scale bar indicates 100mm. Data are expressed as mean § SEM of IHC staining scaled from low
[1] to high [3] intensity. Asterisks (* p<0.05; ** p<0.01; *** p<0.001) indicate statistically significant differences between groups.
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compromised after 24h of enzalutamide treatment nor by 24h of
SNRNP200-, SRRM1- and SRSF3-silencing (Fig. 6a, open bars) in 22Rv1
cells. Firstly, we observed that the silencing of SNRNP200, SRRM1 or
SRSF3 did not alter the normal (scramble-treated) response to DHT as a
similar decrease of proliferation rate was found compared to DHT-
treated cells, independently of the siRNA used (i.e. scramble,



Fig. 4. Functional consequences of SNRNP200, SRRM1 and SRSF3 silencing in prostate-derived cell lines. a) Comparison of SNRNP200, SRRM1 and SRSF3 expression levels between a non-
tumor prostate cell line (PNT2) and PCa cell lines LNCaP, 22Rv1, DU145 and PC-3 (n = 5). mRNA levels were determined by qPCR and adjusted by normalization factor calculated from ACTB
and GAPDH expression levels. b) Validation by qPCR of SNRNP200, SRRM1 and SRSF3 silencing (si-SNRNP200, si-SRRM1 and si-SRSF3, respectively). mRNA levels were determined by qPCR
and adjusted by normalization factor calculated from ACTB and GAPDH expression levels. Data were represented as percent of scramble cells (mean § SEM). c) Proliferation rate of LNCaP
(upper panel), 22Rv1 (middlepanel) and DU145 (bottom panel) cell lines after 24-, 48- and 72h of SNRNP200-, SRRM1- and SRSF3-silencing (n = 4). d) Effect of SNRNP200-, SRRM1- and
SRSF3-silencing on the migration rate of DU145 cell line was determined by wound-healing assay (12 h; n� 3). Representative images are depicted in right panel. Data were represented as
percent of scramble cells (mean§ SEM). Asterisks (* p<0.05; ** p<0.01; *** p<0.001) indicate statistically significant differences between groups.
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Fig. 5. Molecular consequences of SNRNP200, SRRM1 and SRSF3 silencing in 22Rv1 cell line. a) Basal phospho-AKT, phospho-ERK1/2 and phospho-JNK levels in SNRNP200-, SRRM1- and
SRSF3 silenced 22Rv1 cells (si-SNRNP200, si-SRRM1 and si-SRSF3, respectively; 24h; n� 3). Protein levels were normalized by total AKT, ERK and JNK protein levels. Representative
images are shown in right panel. Protein data were represented as percent of scramble cells. b) Expression levels of selected transcripts in response to SNRNP200 (upper panel), SRRM1
(central panel) and SRSF3 (bottom panel) silencing (24 h) in 22Rv1 cells. Ratio between the expression of splicing variants is shown in bars with dotted pattern. c) Expression levels of
KHDRBS1, SFPQ and U2AF2 in response to SNRNP200- and SRRM1-silencing in 22Rv1 cells. d) Expression levels of C-MYC, PTEN and TP53 in response to SNRNP200-, SRRM1- and SRSF3-
silencing in 22Rv1 cells. mRNA levels were determined by qPCR and adjusted by normalization factor calculated from ACTB and GAPDH expression levels. Data were represented as per-
cent of scramble-treated control cells (mean § SEM). Asterisks (* p<0.05; ** p<0.01; *** p<0.001) indicate statistically significant differences between groups.

10 J.M. Jim�enez-Vacas et al. / EBioMedicine 51 (2020) 102547
si-SNRNP200, si-SRRM1 or si-SRSF3) in 22Rv1 and LNCaP cell lines
(Fig. 6a/b). However, the silencing of SNRNP200, SRRM1 and SRSF3 com-
bined with enzalutamide treatment resulted in an additive, statistically
significant antiproliferative effect in 22Rv1 cells at 24h of incubation,
indicating that silencing of SNRNP200, SRRM1 or SRSF3 sensitized 22Rv1
cells to enzalutamide (Fig. 6a). Additionally, although no differences



Fig. 6. Cell proliferation assay in response to enzalutamide treatment combined with
SNRNP200, SRRM1 and SRSF3 silencing. Proliferation rate of 22Rv1 (a) and LNCaP (b)
cell line was measured after 24 h of SNRNP200-, SRRM1- and SRSF3-silencing in the
presence (DHT) or absence (no DHT) of 5a-dihydrotestosterone with or without enza-
lutamide (ENZA; n = 4). Results were expressed as percentage referred to scramble
vehicle-treated control with DHT (mean § SEM). Asterisks (* p<0.05; ** p<0.01),
dash (# p<0.05) and dollar sign ($ p<0.05) indicate statistically significant differences
compared to DHT of scramble, DHT of each condition and DHT+ENZA of scramble,
respectively.
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were observed when analysing 22Rv1 scramble-treated cells in
response to enzalutamide at 24h, we found a significantly decrease in
the proliferation rate of scramble-treated LNCaP cells in response to
enzalutamide (Fig. 6a/b). Interestingly, the pattern of response of
SNRNP200- and SRRM1-silenced LNCaP cells was similar to scramble-
treated LNCaP cells (Fig. 6b), wherein the response to non-DHT and to
enzalutamide was comparable in scramble-, si-SNRNP200- and si-
SRRM1-treated LNCaP cells. In striking contrast, the response of SRSF3-
silenced cells was markedly different. Specifically, the proliferation rate
of SRSF3-silenced LNCaP cells in the presence of DHT was significantly
lower compared to scramble-treated LNCaP cells in the presence of
DHT. In addition, we observed that enzalutamide treatment and SRSF3-
silencing exerted an additive antiproliferative effect in LNCaP cells, inas-
much as the proliferation rate of enzalutamide-treated SRSF3-silenced
LNCaP cells was significantly lower than that of enzalutamide-treated
scramble-treated cells (in presence of DHT) and than that of SRSF3-
silenced cells (in presence of DHT) (Fig. 6b).
4. Discussion

PCa is one of the tumor pathologies whose development and, spe-
cially, progression is mostly influenced by the alteration of the normal
gene expression pattern and the aberrant presence of oncogenic SVs
[24]. Indeed, PCa is drastically influenced by the appearance of the AR
splicing variant-7 (AR-v7), inasmuch as it has been strongly associated
with PCa aggressiveness [25], as well as with the resistance to conven-
tional therapies such as antiandrogens and chemotherapy [26,27]. Simi-
larly, the altered expression pattern of additional SVs, such as SST5TMD4
[4], PKM2 [5], REST4 [6], XBP1s [7], In1-Ghrelin [8] among others, has
also been found to be associated to PCa development and progression.
In this sense, it is reasonable to think that a dysregulation of the cellular
machinery involved in the control of splicing process would be respon-
sible for the broad alteration of oncogenic SVs observed in PCa. How-
ever, although some specific SFs and SCs have been associated with PCa
development and aggressiveness [22,23,28�30], to the best of our
knowledge, no studies have comprehensively explored the global dysre-
gulations of these elements in PCa.

In our study, we have demonstrated for the first time a profound
and overt dysregulation of the expression levels of a representative set
of SCs and associated SFs in PCa. In particular, more than 50% of the SCs
and SFs analysed herein displayed an altered expression pattern, dem-
onstrating that the components of the cellular machinery responsible
for the processing of the splicing process are drastically dysregulated in
PCa. Indeed, we have bioinformatically defined an expression-based
molecular fingerprint (combining the mRNA expression levels of 11 SCs
and SFs) able to perfectly discriminate between PCa and non-tumor
adjacent regions, which further reinforces this contention and demon-
strate that PCa curses with a global dysregulation of the splicing
machinery. Even more important is the fact that the expression levels
of many of the SCs and SFs determined in this study were associated or
correlated with relevant clinical and molecular features of aggres-
siveness (e.g. Gleason score, presence of metastasis and AR-v7 expres-
sion), suggesting a causal link between the dysregulations of the
splicing machinery and the aggressiveness of PCa. These results are con-
sistent with and further expand previous observations indicating that
high expression of specifics SFs, including RBM3, U2AF2, ESRP1, ESRP2
and NOVA1 among others, is associated to clinical and/or molecular PCa
aggressiveness features [23,28,30,31].

Among all the SCs and SFs analysed herein, SNRNP200, SRRM1
and SRSF3 seemed to have special relevance in PCa pathophysiology
in that their expression levels were significantly up-regulated and
associated with all the relevant clinical features analysed in this
study, including Gleason score, pathological stage, perineural inva-
sion, lymphovascular invasion, biochemical recurrence, presence of
metastasis at diagnosis or AR-v7 expression. Importantly, data avail-
able in silico further validated the overexpression of SNRNP200,
SRRM1 and SRSF3 in PCa as compared to non-tumoral prostate tissues
[i.e. Singh, Wallace, Tomlins and/or Welsh-dataset [32�35]]. In addi-
tion, these splicing machinery components could represent novel
biomarkers and/or therapeutic targets in PCa inasmuch as their dys-
regulation has not been previously described in this tumor pathology
and their expression levels showed a potential utility as prognostic
markers, since these levels were associated with biochemical recur-
rence. It should to be noted that, although SRSF3 has been defined as
an oncogene in different tumor pathologies [36�38], this is the first
description of the overexpression of this SF in PCa. Specifically, it has
been shown that SRSF3 can enhance aggressiveness features of sev-
eral tumor types through the control of splicing process in the
nucleus [37,39,40], but also through the alteration of translational
efficiency of certain mRNAs in the cytoplasm [41]. This suggests that
overexpression of SRSF3 mRNA can exert oncogenic actions either by
increasing SRSF3 protein levels in the nucleus or in the cytoplasm, as
found herein in the case of PCa cells. On the other hand, the protein
overexpression of SRRM1 and SNRNP200 was observed in the
nucleus of PCa cells, suggesting an enhancement of their putative
activity as splicing modulators in these cells.

Due to the increasing body of evidence pointing toward a strong
dysregulation of the splicing process in cancer, many therapeutic
strategies to prevent the expression of oncogenic SVs and/or to mod-
ulate the activity of the spliceosome have been reported hitherto
[42]. In particular, during the last years, many spliceosome inhibitors
(e.g. Pladienolide-B, spliceostatin-A) have been reported and sug-
gested as therapeutic targets in different pathologies wherein the
dysregulated splicing process has been shown to be relevant [43,44].
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However, while blocking the activity of the spliceosome could be less
specific, targeting specific SCs and/or SFs could represent a novel and
more specific approach to tackle cancer diseases in that a more
reduced number but better-defined splicing events may be altered.
In this sense, we have demonstrated for the first time herein that the
silencing of the expression of SNRNP200, SRRM1 and SRSF3 using spe-
cific siRNAs clearly decreased key functional parameters of aggres-
siveness, including proliferation and migration, in PCa-derived cell
lines. These clinically relevant antitumor actions seemed to be associ-
ated to the modulation of key signaling pathways and the expression
of certain oncogenic SVs. Indeed, SRRM1-and SRSF3-silencing evoked
a decrease in phosphorylation levels of AKT and JNK proteins, respec-
tively, probably leading to the inhibition of PI3K/AKT and JNK path-
ways, which have been broadly defined as oncogenic signaling
pathways [45,46]. Intriguingly, the silencing of SRSF3 increased ERK-
phosphorylation, presumably leading to a higher activation of MAPK/
ERK pathway, which has been reported to be highly susceptible to be
dysregulated in response to splicing changes [47]. Remarkably,
despite its well-known oncogenic role, MAPK/ERK-pathway has been
postulated as a regulator of cell senescence, thus also exerting antitu-
mor effects [48]. As expected, and providing a mechanistic explana-
tion, SNRNP200-, SRRM1- and SRSF3-silencing dysregulated the
splicing process of several genes involved in tumor aggressiveness,
such as AR, PKM, CASP2 or XBP1. Among them, especially relevant are
the results obtained in AR splicing, due to its well-known role in the
development and aggressiveness of PCa [49]. Specifically, a decrease
in the expression of AR-v7 (but not AR) was observed in response to
SNRNP200- and SRRM1-silencing, thus altering the normal splicing
process of AR. Interestingly, the modulation of AR splicing process
exerted by SNRNP200 and SRRM1 may be not mediated by the regu-
lation of splicing factors previously reported to be involved in AR-v7
generation such as KHDRBS1 [21], SFPQ [22] or U2AF2 [23], inasmuch
as we found that the silencing of SNRNP200 and SRRM1 did not alter
the expression levels of these AR-splicing modulators. On the other
hand, the silencing of SRSF3 decreased the expression levels of both
AR and AR-v7. In any case, these results postulate these three factors
as potential therapeutic target candidates to tackle castration resis-
tant PCa (CRPC), since AR-v7 has been reported as a driver of CRPC-
development [50]. Reinforcing the oncogenic role of SNRNP200,
SRRM1 and SRSF3 in PCa, we found that the silencing of these genes
resulted in the modulation of the expression of key genes involved in
CRPC aggressiveness, including C-MYC, PTEN and/or TP53 [51�53].
Consistently, SNRNP200-, SRRM1- and SRSF3-silencing sensitized
22Rv1 cells to enzalutamide by showing additive effects in the inhibi-
tion of proliferation rate in these cells, possibly through AR-v7 down-
regulation. This hypothesis was reinforced by the fact that
SNRNP200- or SRRM1-silencing did not alter the normal response to
enzalutamide in LNCaP cell line (which express AR but lack AR-v7),
while SRSF3-silencing (which is associated to a reduction in full-
length AR expression) in combination with enzalutamide treatment
resulted in an additive antiproliferative effect in these cells.

Therefore, the data presented herein indicate that the cellular
machinery responsible for the regulation of the splicing process is
drastically altered in PCa and that certain SCs and SVs could represent
novel candidates as potential diagnostic and prognostic biomarkers,
as well as putative targets to develop novel therapeutic strategies
against PCa. Specifically, our results demonstrated that SNRNP200,
SRRM1 and SRSF3 could represent attractive novel diagnostic/prog-
nostic and therapeutic targets for PCa and CRPC.
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