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SRSF6 modulates histone-chaperone HIRA splicing to
orchestrate AR and E2F activity in prostate cancer
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Despite novel therapeutic strategies, advanced-stage prostate cancer (PCa) remains highly lethal, pointing out
the urgent need for effective therapeutic strategies. While dysregulation of the splicing process is considered a
cancer hallmark, the role of certain splicing factors remains unknown in PCa. This study focuses on characterizing
the levels and role of SRSF6 in this disease. Comprehensive analyses of SRSF6 alterations (copy number/mRNA/
protein) were conducted across eight well-characterized PCa cohorts and the Hi-MYC transgenic model. SRSF6
was up-regulated in PCa samples, correlating with adverse clinical parameters. Functional assays, both in vitro
(cell proliferation, migration, colony, and tumorsphere formation) and in vivo (xenograft tumors), demonstrated
the impact of SRSF6 modulation on critical cancer hallmarks. Mechanistically, SRSF6 regulates the splicing pattern
of the histone-chaperone HIRA, consequently affecting the activity of H3.3 in PCa and breast cancer cell models
and disrupting pivotal oncogenic pathways (AR and E2F) in PCa cells. These findings underscore SRSF6 as a prom-

ising therapeutic target for PCa/advanced-stage PCa.

INTRODUCTION

Prostate cancer (PCa) is one of the most diagnosed cancer types world-
wide and represents the fifth leading cause of cancer-related death
worldwide (I). The main therapeutic approach to tackle PCa consists
of targeting androgen receptor (AR) signaling, initially by using the
so-called androgen deprivation therapy, followed by second-generation
antiandrogens such as enzalutamide or abiraterone (2). Unfortunately,
advanced PCa will eventually become resistant to AR blockade mainly
due to aberrations driving AR-persistent signaling, such as AR amplifi-
cation, AR-truncated variants, AR mutations, and/or dysregulation of
AR coregulators (2, 3) resulting in castration-resistant prostate cancer
(CRPC). Although many efforts have been put into blocking AR-
persistent signaling, to date, there are not clinically available therapeu-
tic strategies for that purpose. Therefore, discovering new molecular/
therapeutic approaches that could be exploited to uncover novel strate-
gies to target ongoing AR signaling in advanced PCa represents a
clinical unmet need. In this scenario, it has been suggested that
the dysregulation of the splicing process represents an intrinsic
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characteristic of PCa inasmuch as a broad number of splicing variants
(SVs) are altered in any stage of the disease, which can act as drivers of
PCa progression and/or modulate the expression, function, or activity
of key oncogenes and tumor-suppressor genes (4). We and others have
also recently shown that the components of the cellular machinery
that catalyzes and regulates the splicing process [i.e., spliceosome
components (SCs) and splicing factors (SFs)] are deeply dysregulated
in PCa and can control pivotal PCa-related pathways, including AR
activity (5-9).

In this sense, one important family of RNA processing factors is the
serine/arginine (SR)-rich splicing factor family, which is characterized
by containing one or two RNA recognition motifs at the N terminus,
and a domain rich in arginine and serine dipeptide repeats at the C ter-
minus that mediates protein-protein interactions (10, 11). Among the
SR family members, SRSF6 stands up because of its key pathophysiolog-
ical role in relevant diseases, including pleural fibrosis (12), Huntington's
disease (13), Alzheimer’s disease (14), diabetes (15), and systemic sclero-
sis (16) as well as different cancer types such as breast cancer (BCa) (17),
melanoma (18), lung (19), and colorectal cancer (19, 20). Despite the
connection between SRSF6 and the oncogenic transformation and tu-
mor progression in the abovementioned cancer types, there are no re-
ports addressing the potential pathophysiological role that SRSF6 might
play in PCa. For that reason, this study aimed to characterize the levels
of SRSF6 in PCa, its pathophysiological function, and molecular conse-
quences of modulating (overexpression and silencing) its levels using
both in vitro and in vivo PCa models, as well its potential role as
diagnostic/prognostic biomarker and therapeutic target in this disease.

RESULTS

SRSF6 is overexpressed in PCa

We first interrogated the mRNA levels of SRSF6 in two independent
human cohorts available in our laboratory [prostatectomies (cohort
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1) and biopsies (cohort 2); tables S1 and S2, respectively], compris-
ing PCa and non-tumor prostate tissue samples. SRSF6 mRNA lev-
els were higher in PCa samples versus non-tumor prostate tissue in
both cohorts (Fig. 1A). Moreover, SRSF6 expression significantly
distinguished between PCa and non-tumor prostate samples in both
cohorts (Fig. 1B). Consistently, we found that SRSF6 was also up-
regulated in PCa and its levels distinguished between PCa and non-
tumor prostate tissues in three additional human external cohorts
[The Cancer Genome Atlas (TCGA) (21), Memorial Sloan Kettering
Cancer Center (MSKCC) (22), and Grasso (23) datasets (Fig. 1, C
and D)]. Notably, SRSF6 levels were especially elevated in CRPC
samples in the Grasso cohort and were significantly higher in CRPC
samples compared to those in primary PCa samples from the Roud-
ier (24) cohort (Fig. 1C). SRSF6 expression levels perfectly discrimi-
nated between primary PCa and CRPC samples in the Roudier
cohort [area under the curve (AUC) = 1.0, P < 0.001; Fig. 1D]. Of
note, whole-transcriptome analyses from TCGA and Stand Up to
Cancer/Prostate Cancer Foundation (SU2C) cohorts revealed that
SRSF6 was among the top 25% of most expressed transcripts in both
primary and CRPC tumors, respectively (Fig. 1E). Then, to investi-
gate putative genomic alterations associated with SRSF6 overexpres-
sion in PCa, we explored SRSF6 genomic copy number alteration
(CNA) and its association with SRSF6 mRNA levels in the TCGA
[primary PCa; (21)] and SU2C [CRPC; (25)] cohorts. Specifically,
SRSF6 was amplified/copy gained in 7.8% and deep deleted in 2.5%
of the PCa tumors from TCGA cohort (fig. S1A). Furthermore,
SRSF6 was amplified/copy gained in 22.6% and deep deleted in 4.3%
of the PCa tumors from SU2C cohort (fig. S1B). In both TCGA and
SU2C cohorts, SRSF6 CNA exhibited a significant association with
SRSF6 mRNA levels (Fig. 1F). Besides that, SRSF6 mRNA levels did
not consistently associate with any molecular subtype or common
genomic aberration of PCa (fig. S1, C and D).

SRSF6 expression levels are associated with key clinical and
molecular aggressiveness features in PCa

SRSF6 mRNA levels were positively correlated with Gleason score in
our cohorts of PCa samples [prostatectomies (Fig. 2A) and biopsies
(Fig. 2B)]. Consistently, PCa samples with high T stage (pT > 3a),
lymphovascular invasion, or perineural infiltration were associated
with high SRSF6 expression levels in our cohort of samples derived
from prostatectomies (Fig. 2, C to E, respectively). On the same line,
when analyzing a more aggressive cohort of PCa samples (cohort 2),
we found that patients with high SRSF6 levels tended to be associ-
ated with tumors presenting perineural infiltration (Fig. 2F). More-
over, primary PCa tumors from patients presenting high volume
metastases at diagnosis had higher SRSF6 expression levels compared
to those who presented low volume metastases or those not presenting
metastasis at diagnosis (Fig. 2G). Patients with low SRSF6 expression
levels (quartile 1) showed significantly longer biochemical recurrence-
free survival as compared to the rest of the patients in the prostatec-
tomy samples (cohort 1) and in the TCGA cohort (Fig. 2, H and I,
respectively). Aside that, SRSF6 levels did not associate with T stage
or differ between different metastasis sites in TCGA and SU2C, re-
spectively (fig. S2, A and B).

Furthermore, we interrogated the cohort 2 to explore the asso-
ciation of SRSF6 expression levels with molecular parameters of PCa
aggressiveness. Specifically, we observed that SRSF6 mRNA levels
tended to be directly correlated with those of PCA3, SSTsTMD4,
Inl-Ghrelin, and ESRP]I (fig. S2, C to E and H, respectively). Last, no
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correlation was found between SRSF6 and AR or AR-V7 mRNA lev-
els (fig. S2, F and G, respectively).

SRSF6 protein levels are elevated in PCa

To study the protein levels of SRSF6 in PCa, we first validated the
Abcam SRSF6 antibody (ab140623). SRSF6 signal and staining de-
creased in response to SRSF6-small interfering RNA (siRNA) by
Western blot and immunohistochemistry (IHC), respectively, in
22Rvl cells (Fig. 3A). Then, we analyzed a representative number of
samples (cohort 3), including benign prostatic hyperplasia (BPH;
n =4) and PCa (n = 10) and observed that SRSF6 protein levels were
significantly higher in PCa as compared to those in control BPH
samples and that these levels distinguished between both groups
(AUC =0.85, P=0.048; Fig. 3B). Furthermore, when analyzing sam-
ples derived from the Hi-Myc transgenic mouse model, we found
that SRSF6 protein levels were also higher in PCa compared to those
in non-tumor prostate tissue samples and perfectly discriminated
between the two groups (AUC = 1.0, P = 0.049; Fig. 3C).

SRSF6 mRNA levels are associated with MYC activity

On the basis of the previous data, we next interrogated the potential
implication of the MYC pathway in the pathological regulation of
SRSF6 levels. Specifically, we found that SRSF6 is one of the top-
scoring potential target genes for MYC across different cell lines
based on the ChIP-Atlas database (fig. S3A) (26). We observed that
MYC overexpression increased SRSF6 mRNA levels in LNCaP and
22Rv1 cells (fig. S3, B and C). Furthermore, MYC expression and ac-
tivity were positively correlated with SRSF6 mRNA levels in TCGA
and SU2C cohorts (fig. S3, F to I), despite no significant associations
were found for MYC gene amplification (fig. S3, D and E).

Modulation of SRSF6 expression alters aggressiveness of
PCa cells in vitro

As observed in human tissues, we also found that SRSF6 mRNA levels
are elevated in all the PCa cell lines analyzed herein (i.e., LNCaP,
22Rvl, DU145, and PC-3) compared to those in the non-tumor
prostate-derived cell line RWPE-1 (fig. S4A). Furthermore, SRSF6
protein levels were consistently detectable in all the cell lines and sig-
nificantly elevated in 22Rv1 and PC-3 compared to those in the
RWPE-1 cells (Fig. 4A). On the basis of these data, we tested whether
the modulation in the expression of SRSF6 could alter aggressiveness
parameters in these prostate-derived cell models. In vitro SRSF6 over-
expression in RWPE-1 and PC-3 cell lines [validation shown in fig. S4
(B and G)] increased proliferation rate at 48 and 72 hours (Fig. 4B).
On the other hand, SRSF6 silencing in LNCaP, 22Rv1, DU145, and
PC-3 cells [validation shown in fig. S4 (C to F and H to K)] decreased
the proliferation rate at 48 and/or 72 hours (Fig. 4B). Moreover, SRSF6
silencing decreased the number and size of colonies formed by LNCaP,
22Rvl, DU145, and PC-3 (Fig. 4C) and reduced the number and
size of tumorspheres formed by LNCaP, 22Rv1, and DU145 cells
(Fig. 4D). In addition, SRSF6 silencing decreased the migration rate of
DU145 and PC-3 after 16 hours (Fig. 4E).

Modulation of SRSF6 expression alters the aggressiveness of
preclinical models of PCa

To study the pathophysiological role of SRSF6 in PCa in vivo, we
stably overexpressed SRSF6 in PC-3 cells and inoculated them in
immunosuppressed mice to follow up the tumor growth (Fig. 5A).
SRSF6-overexpressing tumors grew faster, formed larger tumors,
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Fig. 1. mRNA levels and CNA of SRSF6 in patients’ prostate samples. (A) Comparison of SRSF6 mRNA levels between non-tumor adjacent regions (N-TARs) versus PCa
samples from the prostatectomy cohort (left; n = 84), and control (n = 9) versus PCa samples (n = 42) from the biopsy cohort (right). Data represent the min-to-max box-
plot, with median of mRNA expression levels adjusted by normalization factor (calculated from ACTB and GAPDH expression levels) and standardized by z-score. (B) Re-
ceiver operating characteristic (ROC) curves of SRSF6 mRNA levels to distinguish between tumor and non-tumor samples from prostatectomy (left) and biopsy (right)
cohorts. Area under the curve (AUC) and P value are depicted in the plots. (C) Comparison of SRSF6 mRNA levels between non-tumor prostate tissues, PCa, and/or
metastatic/CRPC samples from The Cancer Genome Atlas (TCGA), Memorial Sloan Kettering Cancer Center (MSKCC), Grasso, and Roudier cohorts. Data represent the min-to-
max boxplot, with median of SRSF6 expression levels standardized by z-score. (D) ROC curves of SRSF6 mRNA levels to distinguish between PCa and non-tumor prostate
samples from the TCGA (top left), MSKCC (top right), and Grasso (bottom left) cohorts and between CRPC and primary PCa samples from Roudier cohort (bottom right).
AUC and P value are depicted in the plots. (E) Ranked expression of SRSF6 across whole transcriptome in the TCGA (top) and SU2C (bottom) cohorts. (F) Association be-
tween SRSF6 mRNA levels (min-to-max boxplot, with median) and SRSF6 copy number alterations (CNAs) in the TCGA (left) and SU2C (right) cohorts. Asterisks (*P < 0.05,
*#P < 0.01, and ***P < 0.001) indicate statistically significant differences between groups. TPM, transcript per million; FPKM, fragments per kilobase million.
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Fig. 2. Associations and correlations of SRSF6 expression levels with clinical parameters of PCa aggressiveness. (A and B) Correlation of Gleason score with SRSF6
mMRNA levels in the prostatectomy (A) and biopsy (B) cohorts. (C to E) Associations of SRSF6 mRNA levels and T stage (C), lymphovascular invasion (D), and perineural infil-
tration (E) in the prostatectomy cohort. (F and G) Associations of SRSF6 mRNA levels and perineural infiltration (F) and metastasis (LV, low volume; HV, high volume) (G) in
the biopsy cohort. (H and I) Association between biochemical progression-free survival and SRSF6 mRNA levels [quartile 1 (Q1) versus Q2-4)] in the prostatectomy (H) and
TCGA (1) cohorts. SRSF6 mRNA levels are adjusted by normalization factor (calculated from ACTB and GAPDH expression levels). Correlations data are represented by mean
(connecting line) and error bands (pointed line). Data of associations represent the means + SEM of mRNA expression levels. Asterisks (*P < 0.05, **P < 0.01, and ***P <
0.001) indicate statistically significant differences between groups. LR, log-rank.

Montero-Hidalgo et al., Sci. Adv. 10, eado8231 (2024)

2 October 2024

40f16



SCIENCE ADVANCES | RESEARCH ARTICLE

A 22Rv1 cells
Scramble siSRSF6
S L © 2 0 92 o
2 25 2 8 25
3 § X § X §
= c 0 c 0 c 0
g [2) n [2) [ [2) 2]
>
T | sRsF6 | ™™  @m e -52kDa
2
c
< | GAPDH | “= v s sun @up wmm - 38 kDa
B
Human samples ROC of human samples Benign prostatic hyperplasia Prostate cancer
200
*
@
9]
@ 150
I X
i z
=
&) 100 =
© 5
g (7]
< 50+
=3
z
0- 0-¢— T T T 1
BPH PCa 0 20 40 60 80 100
100% - Specificity%
Cc
Hi-Myc mice ROC of Hi-Myc mice Normal prostate epithelium Prostate cancer
150 * 10— o o o R N
H B e
o
Q
?
B X
i 100 . z
5 2
B
& 5
% 50 n
Ko}
o
=}
z
0- 0-¢ T T T T 1
Normal PCa 0 20 40 60 80 100

100% - Specificity%

Fig. 3. Inmunohistochemical analysis of SRSF6 in non-tumor prostate and PCa samples. (A) Antibody validation by Western blot (left) and immunohistochemistry
(IHG; right) in response to SRSF6 small interfering RNA (siRNA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as housekeeping for Western blot.
(B) Comparison of SRSF6 protein levels by IHC between benign prostatic hyperplasia (BPH; n = 4) and PCa (n = 10) samples (left). Data are expressed as min-to-max boxplot,
with median of nuclear SRSF6 H-score. ROC curve of SRSF6 protein levels to distinguish between BPH (n = 4) and PCa (n = 10) samples (center). AUC and P value are de-
picted in the plots. Representative images of BPH and PCa samples stained with SRSF6 antibody (right). (C) Comparison of SRSF6 protein levels between PCa (n = 3) and
non-tumor prostate tissue (n = 3) samples from Hi-Myc mice (left). ROC curve of SRSF6 protein levels to distinguish between PCa (n = 3) and non-tumor prostate tissue
(n = 3) from Hi-Myc mice (center). AUC and P value are depicted in the plots. Representative images of normal prostate epithelium and PCa samples from Hi-Myc mice
stained with SRSF6 antibody (right). Asterisks (*P < 0.05) indicate statistically significant differences between groups.

and exhibited higher number of mitotic cells compared to control
tumors (Fig. 5, B to D, respectively). As a proof of concept, we ex-
plored the effect of SRSF6 silencing in vivo in already formed
22Rv1-derived tumors in immunosuppressed mice (Fig. 5F). Nota-
bly, the SRSF6 silencing resulted in a significant decrease of tumor
growth and volume, as well as in a less proportion of mitosis as
compared to control tumors (Fig. 5, G to I, respectively). Validation
of SRSF6 overexpression and silencing is shown in Fig. 5 (E and J),
respectively.

Montero-Hidalgo et al., Sci. Adv. 10, eado8231 (2024) 2 October 2024

SRSF6 controls AR and E2F signaling pathways in PCa cells

To study the potential molecular consequences of SRSF6 alteration,
we performed an RNA sequencing (RNA-seq) in SRSF6-silenced
22Rv1 cells. Specifically, SRSF6 silencing significantly altered the ex-
pression of 239 genes, including those associated with tumor pro-
gression and drug resistance such as EIF4G2 (27, 28), PDIA4 (29),
PTPMT]1 (30), SLC6A6 (31), and TOMM?20 (32) (Fig. 6A and data
S1). To explore potential molecular redundancies, we checked the
expression levels of the SR family members in response to SRSF6
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and 72 hours determined by Resazurin assay. Data are represented as percentage to control cells (means + SEM). (C) Number (left) and size (right) of colonies in response
to SRSF6 siRNA in LNCaP (top left), 22Rv1 (top right), DU145 (bottom left), and PC-3 (bottom right). Images of representative wells are depicted. Data are represented as
percentage to scramble cells (means + SEM). (D) Number (left) and size (right) of tumorspheres in response to SRSF6 siRNA in LNCaP (left), 22Rv1 (center), and DU145
(right). Images of representative areas of wells are depicted. Data are represented as percentage to scramble cells (means + SEM). (E) Migration rate in response to SRSF6
silencing after 16 hours of incubation in DU145 (left) and PC-3 (right) cell lines determined by wound-healing assay. Representative images are depicted. Data are repre-
sented as percentage to scramble cells (means + SEM). Asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001) indicate statistically significant differences between groups.
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and ***P < 0.001) indicate statistically significant differences between groups.

silencing and found that none of them were significantly altered
(fig. S5). As previously reported, the mere mRNA expression of a
given RNA binding protein (RBP) may not perfectly reflect its pro-
tein activity. Specifically, given that RBPs commonly play a role in
regulating gene expression (33), the mRNA levels of their potential
downstream targets, rather than their own expression, are consid-
ered an optimal reflection of their activity, as shown by some au-
thors (34, 35). For that reason, we defined a SRSF6 gene signature
score to better correlate with its real activity, comprising the down-
regulated genes in siSRSF6 versus scramble 22Rv1 cells (101 genes;
P < 0.05; data S1) that were positively correlated with SRSF6 mRNA
levels in the SU2C cohort. The SRSF6 signature was reduced in
siSRSF6 22Rv1 cells (fig. S6A) and positively correlated with SRSF6
mRNA levels in SU2C (Fig. 6B) and TCGA (fig. S6B) cohorts. To
further characterize the molecular implications of SRSF6 in PCa, a
gene set enrichment analysis (GSEA) was conducted, revealing that
certain hallmark gene sets were consistently associated with low lev-
els of SRSF6 in 22Rv1 cells (Fig. 6C) as well as in patients from SU2C
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cohort (Fig. 6D), including genes related with apoptosis, P53, and
epithelial-mesenchymal transition (EMT) pathways, while other
gene sets were enriched in high levels of SRSF6, including AR and
E2 promoter binding factor (E2F) pathways. Given the key role of
AR and E2F pathways on PCa development and aggressiveness (2,
36, 37), we explored their potential functional relation with SRSF6
in PCa. Specifically, SRSF6 signature score and SRSF6 mRNA levels
were positively correlated with AR downstream genes that represent
markers of AR activity [AR-score; (38)] in SU2C and TCGA cohorts
(Fig. 6E and fig. S6, C and D). In addition, SRSF6 silencing de-
creased AR-score in 22Rv1 and LNCaP cells, while SRSF6 overex-
pression increased it in 22Rv1 cells [Fig. 6F and fig. S7, C to F;
validation of SRSF6 overexpression in 22Rv1 cells shown in fig. S7
(A and B)]. Moreover, we demonstrated that AR signaling inhibi-
tion increased, while AR stimulation decreased, the expression of
SRSF6 in LNCaP cells (fig. S7M), suggesting a feedback mechanism
that could potentially fuel AR activity in response to anti-androgens
in a hormone-sensitive PCa setting. On the other hand, SRSF6 gene

70of16



SCIENCE ADVANCES | RESEARCH ARTICLE

A B c 22Rv1 D SU2C cohort
in si Enriched i Enriched i Enriched in Enriched in
DEGs in siSRSF6 cells SU2C cohort 15 SRSFG GRNA control SIRNA 10— Low SRSF6 activty . high SRSF activity
200 N " ) "
EIF4G2 40 ©® ©—P53 pathway oo o
° Gz-M checkpoint o g 8 ?T
= © 2 .o .. arget .ILvﬂammamryrespor\se
2 1907 TOMM20 g < 10 *
> ° » = 6 __TNF viaNF-<B
% g g . 8 tocrioss Androgen
2 4(—6 Q : ®—IL-2_STATS response o
-'g 100 PDIA4 %’ < ® & Angogenests \
= o O [)) —
) SL(,;6A6 n S 5 Apoptosis ,2;‘:,,\30 4 A °
< PTPMT1 © T 8/ o . o PR DNArepair_
2 504 ¢ % Hy p%’;’g—_"rln'r‘:s’;g‘:s'gw .' '.P53 P Eor targets »
| NIL2_STAT: Androgen 24 \, @ Gz-M checkpoint
T »n TS Nt ~ response —
r=0.609 Angiogenesis g .. \ ..
. P <0.001 %
07— -40 e ol ~ I
-15-1.0-05 00 05 1.0 15 4 5 6 7 8 -2 0 2 -2 0 2
Logs, (fold change) SRSF6 mRNA levels Normalized enrichment score (NES)  Normalized enrichment score (NES)
[log,(FPKM + 1)]
E F SRSF6 expression modulation I
SU2C cohort (AR activity)
- . [ ] ARinteractors
40 49— 61—
o Q 4 [ ] E2F interactors
Q
g 20 . 24 SISRSF6 DEGs
o o o 27
= « ® Q
8 g% g o 2 od CALR
S ", 5(': 5(& _ H3-3A
e |7 -2+ &)
@ 20 e e -2 @ — NFATC2IP
o R e . 47 RAB10
-40 T T T 1 G —— —6-
-20 -10 0 10 20 [] Scramble [J Mock
AR-score [ siSRSF6 Bl SRSF6
SRSF6 expression modulation
G SU2C cohort (E2F activity) J AR-E2F interactors
40 4 —2 4 —2 0.3+
I R ) 2 0 :
8 20 BRI 2 Q 2 . g g ¥ -
o) '.. o ge 007 [0} [0} c ® . .
= = 5 © O _ *kk
=] o, . 8 S 5 @ 0.1
g 0+ ? 0 2 o4 5 &
S & ~ L3
° o o < & 00
© (o2}
% -20- . -2 . -2 B Se
& : : ‘(r=0.257 8 ™17 1
P <0.001 *k
-40 T T T 1 -4 —4- -0.2 T T T T T
-400 -200 0 200 400 Scramble Mock N\ <&
J° = S N
E2F-score [l siSRSF6 B SRSF6 PN A
N\

Fig. 6. Molecular consequences in response to the modulation of SRSF6 expression in PCa cells. (A) Volcano plot showing differentially expressed genes (DEGs) in
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tically significant differences between groups.
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signature score, but not SRSF6 mRNA levels, positively correlated
with E2F downstream genes that represent markers of E2F pathway
activation (E2F-score), in SU2C and TCGA cohorts (Fig. 6G and
fig. S6, E and F). Consistently, E2F-score was decreased in response
to SRSF6 silencing in 22Rv1 and LNCaP cells, while SRSF6 overex-
pression increased it in 22Rv1 cells (Fig. 6H and fig. S7, G to ]). In
addition, consistent with the well-known role of AR and E2F path-
ways in stimulating PCa cell proliferation, we found that both SRSF6
expression and signature score were positively correlated with the
Whitfield cell cycle signature (fig. S6, G and H). In line with this,
SRSF6 silencing significantly reduced the Whitfield cell cycle signa-
ture score in 22Rv1 cells (fig. S6I), reinforcing the role of SRSF6 in
promoting cell proliferation as previously observed in this study
(Figs. 4B and 5). However, SRSF6 silencing did not alter the expres-
sion of AR, AR-V7, or E2FI-8 in 22Rvl1 cells (fig. S7, K and L), sug-
gesting that SRSF6 could be controlling the activity of AR and E2F
through the modulation of co-regulators. We found that SRSF6 si-
lencing altered the expression of five co-regulators of AR and E2F
family members (Fig. 6, I and J). Specifically, NFATC2IP was down-
regulated, while RAB10, HIRA, CALR, and H3-3A were up-regulated
in response to SRSF6 silencing in 22Rv1 cells (Fig. 6]).

SRSF6 silencing alters HIRA splicing pattern and

H3.3 activity

To address the molecular mechanism underlying the control of AR
and E2F activity by SRSF6, and, given its function as an SE, we inter-
rogated the splicing landscape of 22Rv1 cells in response to SRSF6
silencing. Specifically, 1323 transcripts were found to be significant-
ly altered by SRSF6 siRNA (data S2). Among the different splicing
events, alternative first exon and exon skipping were the most dys-
regulated ones (32.0 and 29.2%, respectively; fig. S8A). Notably, the
splicing pattern of three common AR and E2F interactors (AHR,
CSNK2A1, and HIRA) was significantly altered in response to SRSF6
silencing (Fig. 7, A and B, and fig. S8, B and C). Among them, we fo-
cused on HIRA because the silencing of SRSF6 induced the expression
of the truncated variant HIRA-203, which is targeted and degraded by
the nonsense-mediated mRNA decay (NMD) as defined by Ensembl
(release 110) (Fig. 7B) (39), presumably resulting in a decrease of the
levels of the canonical histone cell cycle regulator (HIRA) protein. In
keeping with this, SRSF6 silencing reduced HIRA protein levels in
LNCaP and 22Rv1 cells (Fig. 7C and fig. S9A), while no significant
alteration was found in DU145 and PC-3 cells (fig. S9B). HIRA down-
regulation was further validated in response to in vivo SRSF6 siRNA
injection of 22Rv1 xenograft models (fig. SOC). Notably, we also found
that SRSF6 overexpression consistently increased HIRA protein levels
in 22Rv1 and PC-3 cells, as well as in the PC-3 xenograft model
(fig. S9D). The expression levels of CABINI, a key component of the
HIRA complex (40), were also reduced by SRSF6 siRNA (fig. S9F).
Similarly to SRSF6 protein levels, we found that HIRA protein (anti-
body validation in response to HIRA siRNA is shown in fig. SOE) was
up-regulated in both human and mouse (Hi-Myc model) PCa sam-
ples compared to that in non-tumor samples (Fig. 7D).

When analyzing the expression levels of the genes encoding for
common AR, E2F, and HIRA interactors (fig. S9G), only H3-3A was
dysregulated in response to SRSF6 silencing in 22Rv1 cells (fig. SOH),
which was consistently altered in LNCaP cells (fig. S9I). H3-3A
encodes for H3.3 histone variant, the main target of the HIRA com-
plex, which has been reported as a modulator of AR and E2F activity
(41-44). Because H3.3 deposition (orchestrated by HIRA) regulates
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the expression of certain genes (41, 44, 45), we explored the impact
of SRSF6 on the H3.3-regulated transcriptome in 22Rv1 cells. To ad-
dress this, we analyzed the expression levels of a set of genes found
to be significantly up-regulated (H3.3-repressed genes) or down-
regulated (H3.3-activated genes) in response to Hira knockout, as
previously reported in the literature (42). Specifically, we found that
SRSF6 silencing decreased the expression levels of H3.3-activated
genes in 22Rv1l and LNCaP cells while increased those of H3.3-
repressed genes in 22Rv1 cells (Fig. 7, E and F, and fig. S9, J to L),
suggesting that SRSF6 controls H3.3 activity presumably, at least in
part, through HIRA splicing dysregulation. HIRA silencing signifi-
cantly reduced the expression of key AR-, E2F-, and H3.3-regulated
genes and increased the expression of H3-3A (Fig. 7, G to I, and
fig. §9, O to Q; validation of HIRA silencing shown in fig. 9, M and
N), suggesting that SRSF6 could regulate these pathways through, at
least in part, HIRA modulation. Most genes regulated by AR, E2F,
and H3.3 and down-regulated by SRSF6 were not further reduced by
simultaneous silencing of HIRA and SRSF6 in LNCaP cells (Fig. 7
G-I), suggesting a potential linear regulatory relationship between
HIRA and SRSF6 in the control of these genes.

We then explored whether SRSF6 was associated in patient sam-
ples with the molecular changes described above. Specifically, SRSF6
mRNA and signature score were inversely correlated with HIRA-203
percent spliced-in (PSI) in prostate adenocarcinoma TCGA cohort,
while no significant association was observed with HIRA-201 PSI
(Fig. 7] and fig. S10, A and B). Consequently, SRSF6 mRNA and
signature score were positively correlated with H3.3-regulated genes
in TCGA and SU2C cohorts (Fig. 7K and fig. S10C). H3.3-score was
directly correlated with AR-score and E2F-score in TCGA and SU2C
cohorts (Fig. 7, L and M).

The PanCancer TCGA dataset analysis revealed ubiquitous ex-
pression of SRSF6 across all tumor types (fig. SI1A). Notably, its
highest expression was observed in PCa, closely followed by BCa
[Breast Invasive Carcinoma (BRCA) dataset] (fig. S11A). This pat-
tern aligns with the particularly elevated SRSF6 signature score in
PCa and BCa tumor types (fig. S11B). SRSF6 mRNA and signature
score exhibit a negative correlation with HIRA-203 PSI in the Pan-
Cancer TCGA dataset (fig. S11C), implying that the observed mech-
anism in PCa cells may extend across various tumor types. This
observation is supported by the recapitulation of the molecular re-
sponse observed in PCa cells, when SRSF6 was silenced in the BCa
cell line BT-549, resulting in the up-regulation of H3-3A mRNA lev-
els and the down-regulation of H3.3-regulated genes (fig. S11D).

DISCUSSION

Splicing process is an adaptative mechanism that allows the cells to
increase the flexibility of their transcriptome, therefore playing a key
role in tumor evolution and response to treatment (46, 47). Conse-
quently, its dysregulation has emerged as a new key hallmark of cancer
development and progression (48). Specifically, our group and others
have proven that multiple alternative and aberrant SVs emerge in
tumor conditions, including PCa (49-51). This altered SV landscape
could be a consequence of a marked alteration of the expression lev-
els of SCs and SFs in cancer, including PCa (5-8, 52). Given the rel-
evance of certain SVs in the development, progression, and response
to treatment of PCa, splicing regulators play a pivotal role in this
pathology (5-9). In this context, the SR-rich proteins comprise one
of the most relevant families of regulators of the splicing process

90f16



SCIENCE ADVANCES | RESEARCH ARTICLE

A o B SRSF6 expression modulation
AR interactors
[ E2F interactors HIRA-201 HIRA-203
(ENST00000263208) (ENST00000452818)
Splicing variants altered P
in SISRSF6 cells 1.00 020 ——
[] Scramble
SiISRSF6

0.15:

2 0.90 2 010
0.85 I 0.05

HIRA pre-mRNA

ﬂ Protein coding

ooooooooooooonocoooooooon  HIRA-201

NMD target
Boo00 ¢

S HIRA-203

= INCaP | 22Rvi c
3 & | HIRA [~ —~|-112kDa E [ z2m_scrame
% ° 5 GAPDH |w: - 36 kDa o
58 iz
3 é HIRA |wes ==|- 112 kDa 8g
@
b} 22
e N | GAPDH -36 kDa a5
® T
3w
&
Benign prostatic hyperplasia  Prostate cancer m
5 83
= & 3o
o £e 5
23
D ° 2 ag
£ . 5 — e5
Human samples Hi-Myc mice 4 y » 5 ) y HEER ] z
< 4 0w
250 * 250 huiid E ) . 5 g !
I 5% % : \
200 200 100t : F 22Rv1
o = - 1.5.H3:3 activate H3.3 repressed 4
. i
8 150 150 . " -
T+ Normal prostate epithelium  Prostate cancer 2 1.0 &
g 100 100 AT g€ o
H ’ 5§ %9 watdrzril
50 50 8 SR 52 oo nunannddll
£ °3 2
0 T T 0 i ES z S8 05y z+1
BPH PCa Normal PCa s P | S E B
T 8 1.0
100 pm
-— ’1-\\\\\\\\/\\\\\\\\\
TR LV R ST AN
G MRS (et GPRC OIS
ﬁ\o‘@&f%« e d};oo@x&?e O
G AR-regulated genes H E2F-regulated genes | H3.3-regulated genes
. . n.s.
I - 1.0 el e e} FIN PO~ W
= W ns. n.s. ns. = wex 3 iy Yo =
So084% Sos{ [t R £
o § o 3 T 0§ G . i o6
g3 g3 o i 3 28
2 2 06 . . 32 06+ 2 32
- O < 2 = O
% | Lol e 38,1 <3
&S || gso es
5] 2 [e gl ar =l &l
3 024 mﬂ H ﬂ 3 0.2 z
L e £
0.0 T T T 0.0 T T T
FKBPS KLK2 KLK3 NKX3-1 AURKB EZH2 PRKDC CTH TMEM41B
siHIRA siSRSF6 siHIRA + siSRSF6
J PRAD - TCGA K L
HIRA-203 PSI
80 TCGA
2 o 0.364
S g 20 10| P <0.001
@D @
o ® o 200
H ER) 2 o g
2 g 4 g0
[ v w
k= ® -20 & -10
2 § < & 200
'S
2 g 20 r -400 e
7] 2}
P<0.001 P<0.001
0t—T 7171 T 1 T T T 1 60— 71T T T 1
0.000 0.005 0.010 0.015 0.020 0.025 -15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15
PSI H3.3-regulated genes H3.3-regulated genes H3.3-regulated genes

Fig. 7. Splicing alteration in response to the modulation of SRSF6 expression in PCa cells. (A) Venn diagram depicting common AR and E2F interactors whose splic-
ing pattern has been altered in response to SRSF6 silencing (siSRSF6). (B) Effect of SRSF6 silencing on the splicing of HIRA pre-mRNA (top). Representation of HIRA splicing
event [alternative first exon (AF)] altered in response to SRSF6 silencing (bottom). (C) HIRA protein levels in response to SRSF6 silencing in LNCaP and 22Rv1 cells. Repre-
sentative images are depicted on the right panel. (D) Comparison of HIRA protein levels by IHC between BPH (n = 4) and PCa (n = 10) samples (left) and between PCa
(n = 3) and non-tumor prostate tissue (n = 3) samples from Hi-Myc mice (right). Data are expressed as min-to-max boxplot, with median of HIRA H-score. Representative
images of human and mouse samples stained with HIRA antibody are depicted. (E) Heatmap of the expression of H3.3-regulated genes determined by RNA-seq in re-
sponse to SRSF6 silencing in 22Rv1 cells. (F) Significantly altered H3.3-activated and H3.3-repressed genes in response to SRSF6 silencing in 22Rv1 cells. (G to I) Expression
levels by qPCR of dysregulated AR- (G), E2F- (H), and H3.3-regulated genes (I) in response to HIRA and SRSF6 silencing in LNCaP cells. Data are represented as
means + SEM. n.s., not significant. (J) Correlation between HIRA-203 percent spliced-in (PSI) with SRSF6 signature score in prostate adenocarcinoma (PRAD)-TCGA cohort.
(K'to M) Correlation between the expression of H3.3-regulated genes and the transcriptionally inferred activity of SRSF6 (K), AR (L), and E2F (M) in the TCGA (green colored)
and SU2C (purple colored) cohorts. Asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001) indicate statistically significant differences between groups.

Montero-Hidalgo et al., Sci. Adv. 10, eado8231 (2024) 2 October 2024 100f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

(10, 11), with many members, such as SRSF1 and SRSF3, involved in
the progression of several cancer types, including PCa (5-9). Among
the SR family members, SRSF6 may represent a leading factor based
on its involvement in the regulation of several biological processes
other than splicing process, such as transcription and protein trans-
lation (11, 53, 54).

In this study, we analyzed several PCa cohorts to define the levels
of SRSF6 and its potential implication in this disease. We demon-
strated that both mRNA and protein levels of SRSF6 levels are higher
in PCa tissues as compared to those in non-tumor prostate or BPH-
derived samples, which is in keeping with previous studies showing
that SRSF6 is up-regulated in certain tumor types, such as melano-
ma (18), colorectal (19, 20), lung cancer (19), and glioblastoma (55).
We also found that SRSF6 is amplified in a relevant proportion of
patients with mCRPC from the SU2C cohort and, at a lower propor-
tion, in low-risk early disease from the TCGA cohort, suggesting
that SRSF6 amplification/copy gain-driven up-regulation might be
an early event that is enriched as PCa progresses. This may highlight
a potential prognostic value for SRSF6 levels, which is reinforced by
the fact that patients with higher SRSF6 expression levels showed
shorter biochemical recurrence-free survival and were associated
with relevant clinical parameter of tumor aggressiveness. In line
with this hypothesis, the amplification of the SRSF6 locus, 20q13,
has been proposed as an early event involved in cancer initiation
(56). However, several patients with elevated SRSF6 expression lev-
els did not show SRSF6 amplification. This indicates that there may
be other regulatory mechanisms at play, contributing to the up-
regulation of SRSF6 in PCa, which could involve transcriptional regu-
lation and mRNA stability. In this regard, MYC hyperactivation has
been reported to regulate the expression of certain SFs in cancer cells
(57). Therefore, we orthogonally explored the association between
MYC and SRSF6 by independent in vitro and in vivo approaches, to-
gether with human-derived data, revealing that SRSF6 up-regulation
in PCa may be partly driven by MYC, as seen for other members of
the SR protein family (57, 58).

Moreover, we also found that SRSF6 directly modulate PCa cells
aggressiveness. Specifically, the overexpression of SRSF6 increased,
while its silencing decreased, critical functional parameters of tumor
aggressiveness in vitro and in vivo. Therefore, these data suggest that
SRSEF6 plays a relevant pathophysiological role in the progression of
PCa, in a similar manner to other SR members, such as SRSF3 (5).
Mechanistically, we also identified exon skipping as one of the most
altered splicing event types in response to SRSF6 silencing in PCa
cells, which is consistent with previously reported data in colorectal
cells (20). These data may suggest that some of the mechanisms un-
derlying SRSF6-mediated tumorigenesis and tumor progression
might be shared across different tumor types, although further ex-
perimental evidence is largely required in this regard. An unbiased
interrogation of whole-transcriptome data from (i) patients with
CRPC and (ii) PCa cells upon SRSF6 depletion revealed AR and E2F
as clinically relevant pathways potentially controlled by SRSF6 in this
tumor type. In keeping with this, we found that SRSF6 silencing de-
creased, while its overexpression increased, the activity of AR and
E2F in PCa cells. This might explain why AR-driven but also AR-
negative PCa cell lines (i.e., DU145 and PC-3) were affected by SRSF6
silencing. Likewise, SRSF6 mRNA levels and activity positively
correlated with AR and E2F activity in patients with CRPC. These
data carry clinical relevance due to the fact that AR and E2F are
hyperactivated and drive CRPC; the first one by AR-amplification,
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AR-truncated variants, AR mutations, and/or dysregulation of AR
coregulators (2, 3), while the last one mainly by RB1-loss, which is a
common genomic aberration in CRPC (59-61). Therefore, on the
basis of our data, targeting SRSF6 would impair AR and E2F activi-
ty/function, potentially resulting in a therapeutic benefit for patients
with CRPC. SRSF6 modulation did not result in a change in the ex-
pression levels of AR, AR-V7, or E2F1-8, thus suggesting that SRSF6
regulates AR and E2F activity through the modulation of AR/E2F
co-regulators, pioneer factors, etc.

Precisely, HIRA was among the AR and E2F common interactors
that were found to be dysregulated by SRSF6 silencing. Specifically,
the alteration of SRSF6 activity induced changes in the splicing pat-
tern of the HIRA pre-mRNA, leading to the up-regulation of an
NMD-targeted variant (HIRA-203) likely contributing to the reduc-
tion in HIRA activity (62-64). In this context, SRSF6 silencing led to
a reduction in the protein levels of the canonical and functional
HIRA protein in LNCaP and 22Rv1 cells. This effect might be medi-
ated by the dysregulation of its splicing pattern, as suggested by the
observation that the full-length transcript was not down-regulated
in response to SRSF6 silencing. The functional and direct associa-
tion between SRSF6 and HIRA splicing was strengthened by the
observed inverse correlation between SRSF6 levels/activity and
HIRA-203 in patients’ samples. This correlation was not limited to pa-
tients with PCa but extended across various tumor types, indicating
a pan-cancer association. Particularly, HIRA represents the hub of a
protein complex (HIRA complex) whose main function involves the
regulation of H3.3 and H4 histone variant deposition within the ge-
nome (40-43). Therefore, the loss or impairment of HIRA function-
ality can lead to a notable reduction of the deposition and activity of
H3.3 as a gene expression regulator (41, 44, 45). In this sense, we
found that SRSF6 silencing decreased H3.3 transcriptional activity
(down-regulation of H3.3 positively regulated genes and up-regulation
of H3.3 negatively regulated genes), thus demonstrating that HIRA
function is impaired by SRSF6 silencing (presumably through HIRA
splicing dysregulation). Several reports indicate that HIRA regulates
AR and E2F activity in an H3.3-dependent manner (41, 44), which
was reinforced by the down-regulation of AR-, E2F-, and H3.3-
regulated genes in response to the silencing of HIRA in PCa cells
and by the direct and positive correlations found between SRSF6
signature, H3.3 activity, and AR/E2F activity in patients’ samples.
These data imply that SRSF6 regulates AR and E2F activity by im-
pairing HIRA function through disbalancing its splicing pattern to-
ward an NMD-targeted transcript, which was robustly corroborated
by the redundant actions of HIRA and SRSF6 silencing on AR/E2F/
H3.3 activity. Nonetheless, no significant changes regarding HIRA
protein levels were found in response to SRSF6 silencing in DU145
and PC-3, suggesting that HIRA splicing-mediated SRSF6 actions
may be occurring under certain cell contexts and/or genetic back-
ground in PCa cells (i.e., those found in LNCaP and 22Rv1), advo-
cating a potential implication of AR and/or functional TP53 and
further indicating a potential HIRA-independent mechanism in
DU145 and PC-3 cells. Despite that, in vitro and in vivo SRSF6 over-
expression consistently increased HIRA protein levels, revealing a
potential direct association between SRSF6 and HIRA proteins in
PCa, suggesting that SRSF6 oncogenic actions might be buffered by
a cell context-dependent intricate molecular mechanism that may
be worth to explore in PCa.

Together, the data herein presented provide solid and convincing
evidence demonstrating that SRSF6 plays a relevant functional role
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in the pathophysiology of PCa. Furthermore, our study underscores
the complex regulatory network orchestrated by SRSF6 in PCa cells
and invites to suggest that SRSF6 may represent an innovative ex-
ploitable therapeutic target aimed at disrupting AR and E2F activity
to improve advanced PCa outcome.

MATERIALS AND METHODS

Study approval

The present study was conducted in accordance with the principles of
the Declaration of Helsinki and was approved by the Reina Sofia Univer-
sity Hospital Ethics Committee (ref. 0170-N-23). The regional Biobank
coordinated the collection, processing, management, and assignment of
biological samples according to standard procedures. All patients pro-
vided a written informed consent. Experiments with mice were carried
out according to the European Regulations for Animal Care under the
approval of the university/regional government research ethics commit-
tees (ref. 19/04/2023/13). Our study exclusively examined male individ-
uals and mice because PCa only affects male population.

Human samples
Our study analyzed three different cohorts of prostate samples:

Cohort 1: Consisting of formalin-fixed, paraffin-embedded (FFPE)
PCa tissues (n = 84) and their corresponding non-tumor adjacent
regions (used as control tissues; n = 84), collected from patients
diagnosed with clinically localized PCa who underwent radical
prostatectomies (table S1). The presence or absence of tumors was
established by expert clinical pathologists histologically examining
hematoxylin/eosin-stained tissue.

Cohort 2: Comprising fresh samples procured through (i) core
needle biopsies from patients with significant PCa (n = 42; table S2)
and (ii) cystoprostatectomies from patients without PCa (n = 9; used
as control tissues; patients’ clinical data are summarized in table S2).
The presence or absence of tumors was also histologically confirmed
by expert uro-pathologists.

Cohort 3: Used for IHC analysis, consisting of tissue samples
from BPH (n = 4) and PCa (n = 10; a representative set of samples
from cohort 2), ensuring a similar distribution of patients with
Gleason scores ranging from 7 to 9 [n = 4 (Gleason score 7), n = 3
(Gleason score 8), and n = 3 (Gleason score 9)].

Various clinical parameters were collected from each patient, in-
cluding the Gleason score [evaluated by uro-pathologists according
to the modified 2014 International Society of Urological Pathology
(ISUP) criteria], T stage, perineural invasion, lymphovascular inva-
sion, and the presence of metastases at the time of diagnosis (identi-
fied by computed tomography and bone scan).

In addition, transcriptomic and genomic data from TCGA (n = 545)
(21), SU2C (n = 266) (25), MSKCC (n = 149) (22), Grasso (n = 88)
(23), and Roudier (GSE74367; n = 56) (24) PCa cohorts were obtained
from cBioPortal (65, 66) and Gene Expression Omnibus (67) reposi-
tories. PanCancer (n =4915) gene and transcript expression levels were
obtained from UCSC Xena repository (68). HIRA-201 and HIRA-203
PSI value was determined as ENST00000263208 (HIRA-201) and
ENST00000452818 (HIRA-203) transcript levels normalized by HIRA
(ENSG00000100084) mRNA levels.

Cell culture and reagents
Cell lines derived from normal prostate epithelium (RWPE-1), PCa
(LNCaP, 22Rv1, DU145, and PC-3), and BCa (BT-549), were obtained
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from the American Type Culture Collection following the manufac-
turer’s recommendations. Specifically, LNCaP, 22Rv1, DU145, PC-3,
and BT-549 were cultured with RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and glutamine (2 mM), while
RWPE-1 cells were cultured with keratinocyte serum-free medium
supplemented with bovine pituitary extract (0.05 mg/ml) and hu-
man recombinant epidermal growth factor (EGF; 5 ng/ml) and glu-
tamine (2 mM). All cell lines were maintained in a humidified
incubator with 5% CO, at 37°C. Cell line identity was validated by
short tandem repeat sequence analysis. All cell lines were tested for
mycoplasma contamination by polymerase chain reaction (PCR),
as previously reported (69). Dimethyl sulfoxide (DMSO; A3672,
PanReac AppliChem), enzalutamide (S1250, Selleckchem), dihy-
drotestosterone (DHT; D-073, Sigma-Aldrich), and R1881 (R0908,
Sigma-Aldrich) were used to perform molecular assays (see the “AR
activity modulation” section).

Preclinical models of PCa

To evaluate in vivo tumor growth in response to SRSF6 overex-
pression, 10-week-old male athymic BALB/cAnNRj-Foxnlnu mice
(Janvier Labs) were subcutaneously grafted in both flanks with 100 pl
of basement membrane extract (Trevigen) and RPMI 1640 comple-
mented with 10% FBS (F7524, Sigma-Aldrich) (1:1 ratio) contain-
ing 3 x 10° viable mock-transfected [empty pcDNA3.1 plasmid
(GenScript); n = 5 mice; n = 10 tumors] or SRSF6-stably transfected
PC-3 cells [SRSF6-pcDNA3.1 plasmid (OHu19224, GenScript);
n =5 mice; n = 10 tumors]. Tumor growth was monitored once per
week for 2 months using a digital caliper.

To evaluate in vivo tumor growth in response to SRSF6 silencing,
10-week-old male athymic BALB/cAnNRj-Foxnlnu mice were sub-
cutaneously grafted in both flanks with 3 x 10° viable naive 22Rv1
cells (n = 5 mice; n = 10 tumors) that were resuspended in 100 pl of
basement membrane extract and RPMI 1640 complemented with
10% EBS (1:1 ratio). Once the tumors reached 100 mm?>, each flank
was transfected with scramble-control (AM4611, Thermo Fisher Sci-
entific) or SRSF6-targeting siRNA (siSRSF6; 12740, Thermo Fisher
Scientific) by using AteloGene reagent (Koken), the following manu-
facturer’s recommendations.

In both cases, animals were euthanized, and each tumor was pro-
cessed and divided in specular fragments for formalin fixation followed
by paraffin inclusion and stored at —80°C for later RNA extraction
using TRIzol reagent (Thermo Fisher Scientific).

In addition, we used the Hi-Myc (ARR2/Pbsn-Myc) mouse strain
maintained in an FVB background (70), which was obtained originally
from National Cancer Institute (NCI) and backcrossed to C57BL/6 for
more than seven generations at Olmos’ laboratory to obtain pure ge-
netic background. Hi-Myc mice were euthanized at 4 (no presence of
tumor) and 12 to 15 months (predominately invasive carcinoma).
Genotyping was performed in genomic DNA extracted from tail snip
by PCR by using the primers recommended by NCI (sense: AAACAT-
GATGACTACCAAGCTTGGC; antisense: ATGATAGCATCTT-
GTTCTT AGTCTTTTTCTTAATAGGG). For immunobhistological
analyses, a piece of the prostate tissues was processed for formalin fixa-
tion followed by paraffin inclusion.

RNA extraction, retrotranscription, and real-time qPCR

RNA was isolated from FFPE samples, fresh tissues, and cell lines
using previously reported methods (5, 7). To isolate RNA from
FFPE samples, the Maxwell 16 LEVRNA FFPE Kit (Promega) was
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used with the Maxwell MDx 16 Instrument (Promega). RNA was iso-
lated from fresh tissues and PCa cell lines using the AllPrep DNA/
RNA/Protein Mini Kit (QIAGEN) and TRIzol reagent, respectively.
The RNA was treated with the RNase-Free DNase Kit (QIAGEN) to
remove DNA. The Nanodrop One Spectrophotometer (Thermo Fisher
Scientific) was used to determine the total RNA concentration and pu-
rity. cDNA was synthesized from total RNA using the cDNA First
Strand Synthesis Kit (Thermo Fisher Scientific) and random hexamer
primers. Real-time quantitative PCR (qPCR) was performed using the
Stratagene Mx3000p device with the Brilliant IIT SYBR Green Master
Mix (Stratagene), as previously described (71). Normalization was
done using a normalization factor calculated with GeNorm 3.3 soft-
ware (72) using ACTB and GAPDH expression levels, as previously
reported (5). The primers used in this study can be found in table S3.

Overexpression and silencing on in vitro prostate

cell models

To generate a stable overexpression of SRSF6, RWPE-1, 22Rv1, and
PC-3 cells were transfected with empty pcDNA3.1 (mock) or SRSF6-
pcDNA3.1 plasmid as previously reported (7). Similarly, to stimu-
late MYC expression, LNCaP and 22Rv1 cells were transfected with
empty pCW57.1_blasti (mock) or pCW57.1 CMYC (MYC) plas-
mids. pCW57.1_blasti was a gift from RESOLUTE Consortium &
Giulio Superti-Furga (Addgene, plasmid no. 194067; http://n2t.net/
addgene:194067; RRID: Addgene_194067). pCW57.1 CMYC was a
gift from R. Possemato (Addgene, plasmid no. 164145; http://n2t.
net/addgene:164145; RRID: Addgene_164145). Experiments were
performed with 1 pg of plasmid using Lipofectamine 2000 reagent
(Thermo Fisher Scientific), and medium supplemented with 1%
Geneticin (Thermo Fisher Scientific) was used to obtain stably trans-
fected cells. To induce MYC expression, transfected cells were treated
with doxycycline hyclate 2 pg/ml (Sigma-Aldrich) for at least 1 week.
In addition, LNCaP, 22Rv1, DU145, PC-3, and BT-549 cells were
transfected with scramble (AM4611, Thermo Fisher Scientific) or
SRSF6 siRNA (siSRSF6; s12740, Thermo Fisher Scientific) at 100 nM
using Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific)
for 48 hours following the manufacturers’ indications. LNCaP cells were
transfected with scramble or HIRA siRNA pool (siHIRA; L-013610-
00-0005, Dharmacon) at 25 nM using Lipofectamine RNAIMAX re-
agent for 72 hours following the manufacturer’s indications.

Western blot

SRSF6 and HIRA protein levels were determined by Western blot.
Briefly, proteins were isolated using radioimmunoprecipitation assay
buffer (Thermo Fisher Scientific) supplemented with Pierce Protease
and Phosphatase inhibitors (Thermo Fisher Scientific). Then, proteins
were sonicated and separated by SDS—-polyacrylamide gel electropho-
resis (any kD Mini-Protean TGX gels, Bio-Rad) and then transferred to
Immun-Blot PVDF Membranes (Bio-Rad). Membranes were blocked
with 5% nonfat dry milk in tris-buffered saline/0.05% tween 20 (Sigma-
Aldrich) and incubated overnight with the specific antibodies for
SRSF6 (ab140623, Abcam), HIRA (12463, Cell Signaling Technology),
or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; sc-32233,
Santa Cruz Biotechnology) at 1:1000 and then with the secondary an-
tibody horseradish peroxidase (HRP)-conjugated anti-rabbit immu-
noglobulin G (IgG; 7074, Cell Signaling Technology) or anti-mouse
IgG (7076, Cell Signaling Technology) at 1:2000. Proteins were
detected using an enhanced chemiluminescence detection system
(Bio-Rad). A densitometry analysis of the bands obtained was carried
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out with Image] software. GAPDH protein levels were used to normal-
ize SRSF6 and HIRA protein levels.

Immunohistochemistry

IHC analysis was performed on samples from cohort 3 and on samples
from the Hi-Myc mice (control and PCa samples, n = 3 per group).
Briefly, deparaffinized sections were incubated overnight (4°C) with
anti-SRSF6 and anti-HIRA antibodies at 1:100 dilution, followed by
incubation with an anti-rabbit HRP-conjugated secondary antibody.
Last, sections were developed with 3,3-diaminobenzidine (EnVision
system, Agilent) and contrasted with hematoxylin. 22Rv1 cell pellets
(scramble, siSRSF6, and siHIRA) were used to evaluate SRSF6 and
HIRA antibody specificity (Fig. 3A and fig. SOE, respectively). H-score
was calculated as the sum of the percentage of stained nuclei with low,
moderate, and high intensity following a blinded protocol as described
elsewhere (8).

Cell proliferation and migration

Cell growth was examined by Resazurin assay (CA035, Canvax Bio-
tech) following the manufacturer’s instructions, as previously de-
scribed (5, 7). Cell migration was determined by wound healing assay
as described elsewhere (5, 7). Briefly, cells were plated and, once the cell
confluence was reached, serum starved overnight. Then, a scratch was
made, wells were washed with phosphate-buffered saline, and cells
were incubated with no serum medium. Images were taken immedi-
ately after scratching and after 16 hours of incubation. Migration was
calculated as the area observed 16 hours after the wound was made
versus the area observed just after wounding, using Image]J software.

Colonies and tumorspheres formation

To evaluate clonogenic capacity, six-well plates were seeded with
2000 cells per well and incubated for 7 days. Colonies were then fixed
and stained with a solution containing 6% glutaraldehyde and 1%
crystal violet for 30 min, followed by air-drying. Tumorsphere for-
mation was assessed using Corning Costar 24-well ultralow attach-
ment plates (CLS3473, Sigma-Aldrich), with 2000 cells per well in
Dulbecco’s modified Eagle’s medium-F12 medium supplemented
with EGF (20 ng/ml; Sigma-Aldrich) and refreshed every 3 days. The
number and size of colonies and tumorspheres were analyzed after
14 days using Image] software (Fiji plugins) (73).

RNA sequencing

An RNeasy Plus Mini kit (QIAGEN) was used to isolate high-quality
RNA from siSRSF6 (n = 3) and scramble (n = 3) 22Rv1 cells. The
integrity of total RNA was assessed using the 2100 Bioanalyzer (Agilent).
RNA-seq was performed at the Genomics Core Unit of the Nation-
al Centre for Cancer Research (CNIO, Madrid, Spain) as previously
reported (7). Differential gene expression analysis was performed
using DESeq2 (74) as described elsewhere (7). Alternative splicing
analysis was performed using SUPPA2 (75). Briefly, transcript per
million derived from Salmon tool was used to quantify alternative
splicing events as PSI. The differential PSI and its associated P value
were calculated for all the splicing events. Splicing events with
P < 0.1 when comparing siSRSF6 versus scramble 22Rv1 samples
were considered as statistically different.

Molecular gene signatures
SRSF6 gene signature score (SRSF6 signature score) was defined as
the down-regulated genes in siSRSF6 versus scramble 22Rv1 cells
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(101 genes; P < 0.05) that were positively correlated with SRSF6
mRNA levels in the SU2C cohort. AR signaling activity (AR-score)
was determined as a sum of the ranked expression levels of eight ca-
nonical AR-regulated genes (ACSL3, FKBP5, KLK2, KLK3, NKX3-1,
PLPPI1, RAB3B, and STEAPI) as previously described (38, 76). E2F
signaling activity (E2F-score) was determined as a sum of the ranked
expression levels of (i) six canonical E2F-regulated genes (used for
inferring E2F activity from cell lines: AURKB, BIRC5, CCNE1, EZH2,
PRKDC, and TP53) or (ii) E2F hallmark gene set obtained from
GSEA database (77) (used for inferring E2F activity from SU2C
and TCGA cohorts). H3.3 activity was calculated by the sum of the
ranked expression levels of five genes that were positively regulated
by H3.3 (CTH, SARIA, TOP2B, TMEM41B, and ZNF823) (42) and
were also significantly down-regulated in our study in response to
SRSF6 silencing in 22Rv1 cells. Similarly, MYC gene sets and Whit-
field cell cycle signature were used to infer MYC activity and prolif-
erative status in patients with PCa, respectively. The gene sets used in
this study are summarized in data S4.

AR activity modulation

To evaluate SRSF6 expression in response to AR modulation, LNCaP
cells were cultured for 3 days in RPMI 1640 supplemented with 10%
FBS or 10% charcoal-stripped serum (12676029, Thermo Fisher Sci-
entific) and treated with DMSO (vehicle), enzalutamide (1 pM),
DHT (10 nM), or R1881 (1 nM) for 24 hours. Then, TRIzol reagent
was added to the wells, and RNA was extracted following the manu-
facturer’s instructions.

Bioinformatic and statistical data analysis

At least three independent experiments were performed for all analy-
ses (n > 3). Statistical differences between two groups were calculated
using unpaired parametric ¢ test and nonparametric Mann-Whitney
U test, depending on normality, which was assessed by Kolmogorov-
Smirnov test. For differences among three groups, one-way analysis
of variance (ANOVA) analysis was used. For correlations, Spearman
or Pearson coefficients were calculated on the basis of normality of
variables. Statistical significance was considered when P < 0.05. A
trend for significance was indicated when P values ranged between
>0.05 and <0.1. All analyses were assessed using GraphPad Prism 8
(GraphPad software). Heatmaps were created by nVenn (78). AR,
E2F, and HIRA interactors were obtained from the Biological Gen-
eral Repository for Interaction Datasets repository (data S3) (79).
Continuous and categorical GSEAs were performed using hallmark
gene sets in the SU2C cohort and 22Rv1 cells (siSRSF6 versus scram-
ble), respectively, using GSEA 4.2.0 software (77, 80).

Supplementary Materials
The PDF file includes:

Figs.S1to S11

Tables S1to S3

Legends for data S1 to S4

Other Supplementary Material for this manuscript includes the following:
Data S1to S4
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