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ABSTRACT

Prostate cancer (PC) relies on androgen recep-
tor (AR) signaling. While hormonal therapy (HT) is
efficacious, most patients evolve to an incurable
castration-resistant stage (CRPC). To date, most pro-
posed mechanisms of acquired resistance to HT
have focused on AR transcriptional activity. Herein,
we uncover a new role for the AR in alternative
cleavage and polyadenylation (APA). Inhibition of
the AR by Enzalutamide globally regulates APA
in PC cells, with specific enrichment in genes re-
lated to transcription and DNA topology, suggesting
their involvement in transcriptome reprogramming.
AR inhibition selects promoter-distal polyadenyla-
tion sites (pAs) enriched in cis-elements recog-
nized by the cleavage and polyadenylation speci-
ficity factor (CPSF) complex. Conversely, promoter-
proximal intronic pAs relying on the cleavage stim-
ulation factor (CSTF) complex are repressed. Mech-
anistically, Enzalutamide induces rearrangement of
APA subcomplexes and impairs the interaction be-
tween CPSF and CSTF. AR inhibition also induces
co-transcriptional CPSF recruitment to gene promot-
ers, predisposing the selection of pAs depending on
this complex. Importantly, the scaffold CPSF160 pro-
tein is up-regulated in CRPC cells and its depletion
represses HT-induced APA patterns. These findings
uncover an unexpected role for the AR in APA regu-
lation and suggest that APA-mediated transcriptome

reprogramming represents an adaptive response of
PC cells to HT.

INTRODUCTION

Prostate cancer (PC) is the second most frequent malig-
nancy and the fifth most common cause of cancer-related
death in men (1). It originates as prostatic intraepithelial
neoplasia (PIN) and progresses to localized, invasive ad-
vanced and, eventually, metastatic disease (1,2). Through-
out its evolution, PC remains highly dependent on the pres-
ence of androgens, which support growth and oncogenic
features of tumor cells. Chemical castration by androgen-
deprivation therapy (ADT) represents the standard treat-
ment for PC patients and initially causes disease regression
(1). However, the tumor generally develops mechanisms of
resistance and evolves to castration-resistant prostate can-
cer (CRPC) and metastatic PC, which represents the lead-
ing cause of patients’ death (2–4). Importantly, most CRPC
cells still require androgen receptor (AR) signaling, but
they acquire the ability to withstand ADT conditions (1–
4). New-generation anti-hormonal drugs, such as the AR
inhibitor Enzalutamide (5), were shown to significantly im-
prove survival of CRPC patients (2–4). Nevertheless, these
drugs do not represent a cure in the medium to long term,
and the prognosis of CRPC patients remains poor (4). Thus,
new insights into the routes involved in acquisition of re-
sistance to hormonal therapy (HT) are urgently needed, as
they may lead to development of more efficacious treat-
ments.

The multifactorial mechanisms involved in acquired re-
sistance to HT are partially known. For instance, autocrine
production of androgens, AR gene amplification, androgen-
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independent activation of the AR and oncogenic gene
translocations, such as the TMPRSS2–ERG fusion, con-
form to the CRPC phenotype (1). More recently, aberrant
regulation of alternative splicing and alternative polyadeny-
lation (APA) of pre-mRNAs have emerged as key factors in
PC evolution and in acquisition of HT resistance (6–8). For
instance, changes in APA can yield pro-oncogenic variants
of the CCND1 (cyclin D1) and AR genes (8). CCND1 codes
for cyclin D1a, which includes all five exons, and the cy-
clin D1b variant generated by usage of a cryptic polyadeny-
lation site (pA) in intron 4 of the gene (9). Up-regulation
of oncogenic splicing factors, such as SRSF1 and Sam68
(10,11), enhances recognition of the intronic pA and pro-
motes expression of cyclin D1b, which causes aberrant reg-
ulation of AR activity (9). Even more importantly, activa-
tion of a cryptic pA in the AR intron 3 leads to expression of
constitutively active AR variants (AR-Vs) (12), which lack
the ligand-binding domain (8). Expression of AR-Vs is fa-
vored by AR genomic rearrangements, contributes to HT
resistance and is associated with worse clinical outcome in
patients (13–15). Direct inhibition of the selection of this
intronic pA was sufficient to block androgen-independent
growth of CRPC cells (12), indicating that modulation of
APA can be exploited therapeutically. Interestingly, a simi-
lar inhibition of AR-Vs expression and of the CRPC pheno-
type was observed in cells depleted of CPSF160 (12), a com-
ponent of the cleavage and polyadenylation specificity fac-
tor (CPSF) complex that enhances recruitment of the cleav-
age and polyadenylation (C/P) complex to the pA and pro-
motes 3’-end cleavage (16). These selected examples high-
light the oncogenic role played by dysregulation of APA in
PC and the impact exerted by this process on the acquisi-
tion of a CRPC phenotype. Nevertheless, it is currently un-
known to what extent APA is modulated in response to HT
and how this process is regulated. Elucidating these mecha-
nisms may pave the way for the development of new thera-
pies targeting APA dysregulation in PC.

In this study, we have uncovered a genome-wide remod-
ulation of APA during HT, which prevalently leads to tran-
script lengthening and suppression of premature intronic
pA usage. APA-regulated genes are direct targets of the AR,
and selection of alternative pAs occurs co-transcriptionally.
HT causes rearrangements of the complexes involved in
APA regulation, with increased recruitment of CPSF160
and FIP1L1 in the CPSF complex and reduced interaction
of the latter with the cleavage stimulation factor (CSTF)
complex. Moreover, Enzalutamide promotes the recruit-
ment of CPSF to the promoter region of APA-regulated
genes and to the selected pAs in the pre-mRNA. Col-
lectively, our findings indicate that AR links promoter-
localized events with 3’ end processing events and suggest
that APA-mediated transcriptome reprogramming repre-
sents an adaptive response of PC cells to HT.

MATERIALS AND METHODS

Cell culture and treatments

LNCaP and 22Rv1 cells were cultured in RPMI 1640 (Eu-
roclone) with 4500 mg/l glucose (Sigma-Aldrich), 10 mM
HEPES and 1 mM sodium pyruvate (both obtained from

Euroclone). VCaP cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Euroclone) using dishes
coated with Geltrex matrix (GIBCO) according to the
manufacturer’s instructions. Human embryo kidney (HEK)
293T cells were cultured in DMEM. LNCaP-ER cells were
obtained by selection in the continuous presence of 1 �M
Enzalutamide for 4 months and maintained in the pres-
ence of the drug. All cell lines were maintained in growth
media supplemented with 10% fetal bovine serum (FBS;
GIBCO), 100 U/ml penicillin and 100 �g/ml streptomycin
(Euroclone) at 37◦C in a humidified atmosphere with 5%
CO2. The cell lines were purchased from ATCC and tested
periodically for mycoplasma contamination. In ADT con-
ditions, cells were cultured in growth medium completed
with either charcoal-stripped serum (CSS), instead of FBS,
or Enzalutamide (MDV3100, Sigma-Aldrich) and Bicalu-
tamide (MedChemExpress) at the indicated concentration.

Lentiviral silencing and transfection experiments

LNCaP cells were infected with pLVTHM lentiviral vec-
tors (12247, Addgene) encoding control short hairpin
(sh-scrambled; TGGTTTACATGTCGACTAATC) or sh-
AR.1 (CAAGGGAGGTTACACCAAATT) or shAR.2
(GAAATGATTGCACTATTGATT) using MluI and ClaI
as restriction sites. Lentiviral packaging was performed into
HEK293T cells. The small interfering RNA (siRNA) trans-
fection experiments were performed using Lipofectamine
RNAiMax and Opti-MEM medium (Invitrogen) according
to the manufacturer’s instruction. CPSF160 siRNAs were
purchased from Dharmacon (D-020395–01; D-020395–02)
and used at 80 nM final concentration in a single transfec-
tion reaction. The siRNAs for CSTF64 and CASK were
purchased from Sigma-Aldrich and their sequences are
listed in Supplementary Table S1.

RNA isolation, 3’-RACE and real-time PCR

RNA was extracted using the Trizol reagent (Invitrogen,
Life Technologies) and treated with RNase-free DNase
(Ambion). For APA pattern and gene expression (GE), 1
�g of RNA was retrotranscribed with M-MLV reverse tran-
scriptase (Promega) and oligo(dT) primers (Roche). Quan-
titative real-time polymerase chain reaction (qRT-PCR)
analyses was carried out using the StepOnePlus Real-Time
PCR system (Applied Biosystems) and an isoform-specific
primer pair designed within 200 bp upstream of the pA,
10 ng of cDNA template and PowerUp SYBR Green Mas-
ter Mix (Applied Biosystems). The APA pattern induced by
Enzalutamide was calculated as the expression of distal pA
(d-pA) versus proximal pA (p-pA) by the ��CT method,
normalized to the untreated sample. For 3’-random ampli-
fication of cDNA ends (RACE) experiments, 2 �g of RNA
was retrotranscribed with 0.5 �g of an oligo(dT20) tail fol-
lowed by an anchor sequence (CTGATCTAGAGGTAC-
CGGATCC). To evaluate the differential expression of 3’-
end isoforms, we performed semi-quantitative PCR with 40
ng of anchor-tagged cDNA using a gene-specific forward
primer and an anchor reverse primer. PCR products were
resolved in an agarose gel, purified and sequenced. Oligonu-
cleotides used in this study are listed in Supplementary
Table S1
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3’ READS and data analysis

Total RNA was processed by 3’ region extraction and
deep sequencing (3’ READS) (17). Briefly, total RNA was
subjected to poly(A) selection using the Poly(A)Purist™
MAG kit (Ambion). After fragmentation using the RNA
fragmentation kit (Ambion), poly(A)-containing fragments
were isolated using MyOne streptavidin C1 beads (Invit-
rogen) coated with a 5’-biotinylated chimeric U5T45 oligo
(Sigma). RNA bound to the beads was digested with RNase
H (5 U in 50 �l reaction volume) at 37◦C for 1 h, which
removed the poly(A) sequence, and eluted. Purified RNA
fragments were phosphorylated of the 5’ end with T4 kinase
(NEB), purified by the RNeasy kit (Qiagen) and ligated to
a 5’-adenylated 3’ adapter (5’-rApp/NNNNGATCGTCG
GACTGTAGAACTCTGAAC/3ddC) with the truncated
T4 RNA ligase II (Bioo Scientific) and to a 5’ adapter
(5’-GUUCAGAGUUCUACAGUCCGACGAUC) by T4
RNA ligase I (NEB). The RNA was reverse transcribed by
Superscript III (Invitrogen), followed by 12 cycles of PCR
amplification with Phusion high fidelity polymerase (NEB).
cDNA libraries were sequenced on an Illumina Hiseq 2000
sequencer. For data analysis, 5’-adapter sequences were re-
moved from reads, and reads <15 nucleotides (nt) after
this step were discarded. Reads were mapped in the hg19
genome sequence. We used only reads with mapping quality
score (MAPQ) ≥10 and required mismatches to be ≤5% of
the read. Reads with two or more unaligned Ts at the 5’ end
were called poly(A) site-supporting (PASS) reads and were
used to identify pAs. Multiple pAs within 24 nt were clus-
tered, but each cluster did not span >48 nt. pA sites mapped
to the genome were further assigned to genes by using Ref-
Seq, Ensembl and University of California at Santa Cruz
Known Gene databases. To reduce false pA sites, we fur-
ther required that the number of PASS reads for a pA site
was ≥5% of all PASS reads for the gene and detected in at
least two samples.

3’ READS data were used to identify pA sites and to
measure transcript expression. For GE analysis, all PASS
reads for a gene were summed to calculate the expression
level of the gene (18). P-value <0.05 and fold change >20%
were used to select significantly regulated genes. The abun-
dance of a pA isoform was defined as the fraction of
PASS reads corresponding to the pA site over all PASS
reads regarding the gene. For APA analysis, we compared
pA site isoform abundance (�Abn) between the Enzalu-
tamide sample and the vehicle sample. P-value <0.05 was
applied as the cut-off to select significantly regulated APA
events.

Bioinformatic analysis

The KLK3 pA sites were analyzed utilizing published
RNA-seq data (GSE40050) and the PolyA DB database
for annotation of polyadenylation signals (PASs) (19). AR-
binding sites were searched using deposited chromatin
immunoprecipitation (ChIP) data obtained in LNCaP
(GSE55064) and VCaP cells (GSE40050). All data were
displayed in the Integrative Genomics Viewer (IGV) tool.
Gene Ontology (GO) term enrichment was performed
in the R environment (http://www.r-projects.org) using

Fisher’s exact test with the ‘elim’ algorithm of the topGO
package (R package version 2.36.0). The 16 most signifi-
cant terms were graphed using ggplot2 package (R package
version 3.2.1).

Cis-elements potentially differing between up-regulated
and down-regulated pAs were identified by k-mer (5 nt) en-
richment analysis using R custom script. Briefly, we counted
the number of occurrences of each 5-mer in a pA that was
up-regulated or down-regulated and used the Fisher’s ex-
act test to examine the significant association of each 5-
mer with each group. The enriched 5-mers were ordered for
abundance and significance. Next, we aligned the enriched
motifs to generate sequence logos using WebLogo 3 (http:
//weblogo.threeplusone.com/). Lastly, we calculated the fre-
quency of motifs (AAUAAA, UUUU, UGUG and UGUA)
in the ± 100 nt transcript region surrounding each group of
pAs using custom R script. The frequencies were graphed
withthe ggplot2 package using a span value of 15/201 and
a 0.95 level of confidence interval.

PC dataset analysis was carried out using the TCGA Pan-
Cancer Atlas (20) or other published PC datasets (21,22).
Z-score values and progression-free survival data rela-
tive to patients were downloaded from cBioPortal (https://
www.cbioportal.org/) and the webtool developed by Cancer
Research UK Cambridge Institute (https://bioinformatics.
cruk.cam.ac.uk/apps/camcAPP/). For GE analysis, patients
were divided into two groups (castration recurrent and not)
and normalized mRNA levels were plotted and tested with
Student’s t-test. Log-rank (Mantel–Cox) test was used to
evaluate the survival contribution of C/P factors splitting
the high-expression and low-expression cohorts. The me-
dian expression value of each gene of interest was cal-
culated in the whole cohort, patients were then segre-
gated in a low-expression group, comprising those with
expression levels below the median value, and a high-
expression group, comprising patients with expression lev-
els above the median value (GraphPad Prism version 7.0.0
for Mac OS X, GraphPad Software, San Diego, CA,
USA).

Isolation of BrU-labeled RNA

LNCaP cells were treated with 1 �M Enzalutamide or
vehicle, and bromodeoxyuridine (BrU) was added in the
medium at a final concentration of 2 mM in the last
hour. After phosphate-buffered saline (PBS) washes, RNA
was isolated by standard procedures, DNase treated and
quantified. A 30 �g aliquot of RNA was denatured for
5 min at 70◦C, diluted at 1 ml in incubation buffer [PBS,
0.05% bovine serum albumin (BSA) and 0.1% Tween] sup-
plemented with RNasin ribonuclease inhibitors (N2518,
Promega), and incubated with 1.25 �g of anti-BrdU anti-
body (sc-32323, Santa Cruz Biotechnology) in the presence
of Dynabeads protein G (Invitrogen) at 4◦C for 2 h. The
bead–antibody–RNA complexes were washed three times
with washing buffer (PBS, 0.1% Tween and 1:1000 RNasin
ribonuclease inhibitors) and RNA was isolated using the
Trizol reagent (Invitrogen), retrotranscribed with random
hexamers (Roche) and used for RT-PCR as described for
total RNA.
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Co-immunoprecipitation assay and western blotting

Nuclear extracts (1 mg) were prepared as previously de-
scribed (23) and incubated with 3 �g of antibody specific
for the protein of interest or immunoglobulin G (IgG) (neg-
ative control) in the presence of Dynabeads protein G (In-
vitrogen) in a total volume of 1 ml, for 3 h at 4◦C under ro-
tation. After rinsing, the co-immunoprecipitates were resus-
pended in Laemmli sample buffer and processed for west-
ern blot analysis. Immunoprecipitated proteins and whole-
cell extracts prepared as previously described (23) were
separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE), transferred to polyvinylidene
fluoride (PVDF) membranes and incubated for western blot
analyses, with the antibodies listed in Supplementary Table
S2. Densitometric analysis of western blot was performed
using ImageJ 1.51g software.

Chromatin immunoprecipitation assay

ChIP experiments were carried out as previously described
(24) using LNCaP cells cross-linked with 1% formaldehyde
for 10 min at room temperature and quenched with 125 mM
glycine solution.

Briefly, nuclei (24) were sonicated in a Bioruptor sonica-
tion waterbath (Diagenode) and sonicated chromatin was
quantified to allow the dilution of samples at the same con-
centration. A 100 �g aliquot of chromatin was incubated
with the specific antibodies or IgGs (negative control) under
rotation at 4◦C overnight. In the last 2 h, Dynabeads pro-
tein G (Invitrogen) were added to the mixture. The bead–
antibody–protein–DNA complexes were washed twice with
low salt buffer (0.1% SDS, 2 mM EDTA, 1% Triton, 20
mM Tris pH 8, and 150 mM NaCl), twice with high salt
buffer (0.1% SDS, 2 mM EDTA, 1% Triton, 20 mM Tris
pH 8, and 500 mM NaCl), twice with TE (1 mM EDTA,
10 mM Tris pH 8) and eluted in 94 �l of TE. RNA was de-
graded by addition of 4 �l of 5 M NaCl and 2 �l of RNase
cocktail (AM2286, Invitrogen) for 1 h at 37◦C. Cross-links
were reversed overnight at 65◦C and proteins were degraded
by addition of Proteinase K (150 �g; Invitrogen) for 2 h
at 55◦C. Immunoprecipitated DNA was isolated using phe-
nol:chloroform:isoamyl alcohol (25:24:1, Sigma) and resus-
pended in 60 �l of H2O. Part of the diluted chromatin in
each sample was treated to degrade RNA and proteins and
used as input. ChIP-PCR was performed with 2 �l of DNA
as described (24) and results were shown as a percentage of
input, calculated by the �Ct method.

UV cross-linking RNA/protein immunoprecipitation (CLIP)
assay

The CLIP experiments were carried out as previously de-
scribed (25) by using UV irradiation (400 mJ/cm2) to cross-
link the cells. A total of 1 mg of nuclear extract was incu-
bated with the specific antibodies or IgGs (negative control)
in the presence of Dynabeads protein G (Invitrogen, Life
Technologies) and 10 �l of diluted RNase I (1:1000, Am-
bion) for 2 h at 4◦C under rotation. Immunoprecipitates
were washed as described (25) before treatment with Pro-
teinase K (50 �g) for 1 h at 55◦C. RNA was isolated and
retrotranscribed by standard procedures. Each sample was

normalized with respect to its input. Target RNA associ-
ated with proteins in the Enzalutamide-treated condition
was represented as fold enrichment relative to control sam-
ples (vehicle-treated).

CASK minigene assay

The calcium/calmodulin-dependent serine protein kinase
(CASK) internal pA (IPA) and terminal pA (TPA)genomic
regions were amplified and cloned into the pRiG vector di-
gested with XhoI and EcoRI restriction enzymes (26). The
mutant minigenes for CSTF64- and FIP1L1-binding sites
were generated by the megaprimer strategy. All primers are
listed in Supplementary Table S1. Transfection was carried
out using jetPRIME (Polyplus-transfection) using 100 ng
for each well of a 12-well plate when the confluency of cells
was 70%.

Fluorescence-activated cell sorting (FACS) analysis

For cell cycle analyses, LNCaP cells were treated for 24,
48 and 72 h with 1 �M Enzalutamide or dimethylsulfox-
ide (DMSO) as vehicle control and pulsed with 30 �M
BrdU (Sigma-Aldrich) for the last 30 min. Collected cells
were then processed for analysis of BrdU-positive cells by
flow cytometry (FACSCalibur, BD Biosciences) as previ-
ously described (24). For reporter plasmids, HEK293T cells
were transfected with pRiG minigenes and collected after
24 h to measure the green [enhanced green fluorecent pro-
tein (EGFP)] and red [red fluorescent protein (RFP)] fluo-
rescent signals using a CytoFlex Flow Cytometer (Beckam
Coulter). Signals were analyzed using CytExpert ver 2.2
software (Beckam Coulter) and FlowJo X ver. 0.7 soft-
ware, and cells negative for both signals were filtered out.
Log2(Red/Green) were calculated for each cell.

RESULTS

AR inhibition modulates a widespread APA program in
prostate cancer cells

The androgen-responsive gene KLK3, which codes for the
prostate-specific antigen (PSA), comprises two actionable
pAs that are annotated in the polyA database (19) (Figure
1A). Inspection of RNA sequencing data (GSE40050) indi-
cated that the distal pA (d-pA) at the 3’ end of the untrans-
lated region (UTR) is preferentially used under stimula-
tion of androgen-sensitive LNCaP cells with dihydrotestos-
terone (DHT), whereas the proximal pA (p-pA) was acti-
vated upon androgen deprivation in cells grown with CSS
(Figure 1A). To directly test whether KLK3 APA is mod-
ulated by androgens, LNCaP cells were grown under HT
conditions by treatment with increasing doses of Enza-
lutamide (0.3–3 �M). 3’-RACE analysis of KLK3 tran-
scripts isolated after 24 h of treatment confirmed a dose-
dependent increase of p-pA selection, with concomitant re-
duction in usage of the canonical d-pA (Figure 1B). Similar
effects were also observed upon androgen deprivation with
CSS-supplemented medium for 48 h (Supplementary Fig-
ure S1A). These results document that androgen availabil-
ity modulates APA regulation of a prototypical androgen-
responsive gene.
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Figure 1. (A) Human KLK3 polyadenylation sites were analyzed by using RNA-seq tracks (GSE40050) of CSS-starved LNCaP cells treated or not with
DHT. Two pAs were identified by the polyA DB tracks in the 3’UTR of KLK3, which were either up- (red box) or down-regulated (green box) by hormone
treatment. (B) LNCaP cells were treated with increasing doses of Enzalutamide for 24 h and 3’-RACE analysis of the KLK3 3’UTR was performed.
Bands corresponding to p-pA and d-pA are indicated by arrowheads. (C) Schematic overview of the 3’ READS method. (D) Bar graphs representing the
percentage of LNCaP expressed genes that are regulated at either the APA or GE level upon treatment with Enzalutamide (highlighted in red). (E) Boxplot
graph representing the normalized DESeq2 reads relative to APA-regulated, GE-regulated and unregulated genes in LNCaP cells. (F) Overlap of APA- and
GE-regulated genes. Statistical significance was evaluated by the hypergeometric test. (G) GO term enrichment of APA- and GE-regulated genes (modified
Fisher’s exact test).

Next, we asked whether HT causes a general regulation of
APA in androgen-sensitive PC cells. To rule out secondary
effects due to the cytostatic action of Enzalutamide, we first
evaluated the impact of the drug on cell cycle progression.
Flow cytometry analysis of BrdU incorporation in the S
phase of the cycle showed that treatment with 1 �M En-
zalutamide for 24 and 48 h did not significantly affect cell
cycle progression, whereas a reduction of cells in S phase
was observed at 72 h of treatment (Supplementary Figure
S1B). On this basis, we selected 24 h of treatment with 1
�M Enzalutamide for the analysis of APA regulation by
3’ READS (Figure 1C; GSE190153), which allows detec-
tion of pA usage together with overall expression of tran-
scripts (17). Under these conditions, Enzalutamide caused

a switch in pA selection in 7.98% (n = 859) of the genes ex-
pressed in LNCaP cells, whereas 6.7% of them (n = 721)
were affected at the overall gene expression (GE) level (Fig-
ure 1D; Supplementary Figure S1C; Supplementary Ta-
bles S3 and S4). Analysis of a deposited LNCaP transcrip-
tomic dataset (GSE195916) indicated that GE-regulated
genes are expressed at significantly higher level than un-
regulated genes in LNCaP cells, while APA-regulated genes
showed no significant difference, albeit their median expres-
sion level was slightly higher than that of unregulated genes
(Figure 1E). There was a very limited overlap between APA
and GE regulation, with only 66 genes being modulated at
both levels (Figure 1F; Supplementary Figure S1D; Sup-
plementary Table S5). Moreover, genes regulated at APA
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and GE levels were enriched in functional categories re-
lated to different biological processes. APA-regulated genes
are involved in transcriptional regulation, DNA topologi-
cal changes and stem cell maintenance (Figure 1G), which
suggests an important impact of APA regulation on tran-
scriptome reprogramming of PC cells in response to HT.
On the other hand, functional categories related to starva-
tion and biosynthetic pathways were up-regulated among
GE-regulated genes, whereas genes involved in regulation of
DNA replication were down-regulated (Figure 1G; Supple-
mentary Figure S1E). Collectively, these findings uncover
a widespread APA program that is set in motion by HT in
androgen-responsive PC cells.

HT induces preferential lengthening of APA-regulated tran-
scripts

APA can lead to changes in the protein coding sequence of
the transcript (CDS-APA) or in the length of the regula-
tory 3’UTR (UTR-APA) (16). In CDS-APA, the alterna-
tive pAs are localized within the transcription unit (IPA),
mainly in alternative last exons or in introns (Figure 2A).
In UTR-APA, instead, all regulated pAs are localized in the
distal-most last exon (TPA) and their utilization does not af-
fect the protein output (Figure 2A). However, the different
UTR length downstream of the stop codon can confer spe-
cific regulatory features to UTR-APA variants (16). HT af-
fected both CDS-APA and UTR-APA events (Supplemen-
tary Figure S2A). However, while CDS-APA events were
significantly enriched with respect to their representation in
LNCaP cells (P = 3.69e-4, Fisher’s exact test), UTR-APA
events were under-represented (P = 4.80e-2, Fisher’s exact
test; Figure 2B). Among the CDS-APA, IPA events were
significantly repressed by Enzalutamide (P < 0.039, Fisher’s
exact test, Figure 2C), whereas unique pAs at the end of
the transcription unit (S) were up-regulated (P < 0.0004,
Fisher’s exact test, Figure 2C). Furthermore, there was a
significant increase in usage of the distal-most pAs (L) in
the UTR (P = 0.027, Fisher’s exact test; Figure 2C).

These observations suggested that HT prevalently pro-
motes lengthening of transcripts in LNCaP cells. To test this
possibility, we analyzed the regulation of pA selection at the
transcript level. Each Enzalutamide-regulated pA was clas-
sified as proximal or distal according to its position with
respect to the other regulated pAs or to the position of
the most used pAs in the same gene. First, by quantifying
the extent of changes in APA isoform abundance (�Abn),
we observed a preferential repression of p-pAs (mean = –
4.89, n = 569) and up-regulation of d-pAs (mean = +0.88,
n = 488; P <0.0001, t-test; Figure 2D). This trend was even
more pronounced when only transcripts regulated by CDS-
APA were analyzed (means –4.9 versus +5.4, P <0.0001,
t-test; Supplementary Figure S2B). Accordingly, a higher
number of genes underwent transcript lengthening with re-
spect to shortening (57.78%; Supplementary Figure S2C).
Lengthened transcripts tended to have a significantly larger
distance between p-pA and d-pA than transcripts under-
going shortening (P = 0.0179, Mann–Whitney test; Sup-
plementary Figure S2D). In line with this result, transcript
lengthening was more represented in CDS-APA- (63.98%)
than in UTR-APA-regulated genes (54.31%, P = 6.47e-3,

Fisher’s exact test; Figure 2E; Supplementary Table S6).
Lastly, analysis of the relative usage of pAs in 182 genes
that displayed significant modulation of at least two alterna-
tive pAs (Supplementary Table S7) highlighted a highly sig-
nificant negative correlation between the abundance of the
two APA isoforms for most genes (92.85%; r = –0.8936, P
<0.0001, Pearson correlation; Figure 2F), thus confirming
the effect on transcript lengthening induced by HT. More-
over, CDS-APA-regulated transcripts were mostly length-
ened (74%; Figure 2F). These results confirm that Enzalu-
tamide widely affects transcript length through APA regula-
tion in LNCaP, leading to preferential expression of longer
transcripts.

HT causes direct APA regulation of AR target genes

qRT-PCR analysis of a subset of APA events (n = 13) con-
firmed the results of the 3’ READS analysis (Figure 3A, B;
Supplementary Figure S3A). Most of these HT-modulated
APA events (80%) were also observed in Enzalutamide-
treated VCaP cells (Figure 3C; Supplementary Figure S3B),
a PC cell line that is also responsive to androgenic stimula-
tion (27). Moreover, AR inhibition with Bicalutamide, an-
other AR antagonist (3), modulated these APA events in
the same direction as Enzalutamide (Supplementary Figure
S4A, B). Lastly, knockdown of AR expression by transient
transduction of lentiviral vectors encoding two different
shRNAs (Supplementary Figure S4C) faithfully recapitu-
lated the APA changes induced by Enzalutamide in LNCaP
cells (Figure 3D; Supplementary Figure S4D). These results
indicate that repression of AR activity is directly involved in
APA regulation under HT conditions.

AR signaling was recently shown to impact on pre-
mRNA processing by regulating the expression of selected
splicing factors, such as ESRP1 and ESRP2 (28,29). How-
ever, we did not detect any change in expression or APA for
the main components of the CPSF or of other complexes
that regulate cleavage and polyadenylation [i.e. the CSTF
and the cleavage factor I (CFI) and II (CFII) complexes;
Supplementary Tables S3 and S4]. Changes in abundance
of APA isoforms could also be related to their differential
stability in the presence of Enzalutamide. To test this possi-
bility, transcription was blocked by treatment with actino-
mycin D and transcript decay was determined in the follow-
ing 12 h. Nevertheless, this analysis showed that the stability
of each APA isoform was not significantly affected by AR
inhibition (Supplementary Figure S5A).

Since APA regulation generally occurs co-
transcriptionally (16,30–32), we next analyzed production
of HT-induced APA isoforms in nascent transcripts labeled
with BrU (Figure 3E). Importantly, analysis of transcripts
synthesized during the last hour of treatment displayed
the same switch in APA that was identified at steady state
(Figure 3F; Supplementary Figure S5B, C), suggesting
that Enzalutamide co-transcriptionally induces changes in
APA. Moreover, by querying ChIP-sequencing (ChIP-seq)
datasets (33) from the ENCODE project (ChEA 2016),
we found a significant enrichment in APA-regulated genes
displaying AR binding in their promoter/enhancer regions
in PC samples (n = 133, P = 4.41e-07) and LNCaP cells
(n = 29, P = 0.001; Supplementary Figure S6A). The other
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Figure 2. (A) Schematic representation of the APA patterns. In 3’UTR-APA (top), the pAs were classified based on its relative location in the gene as
first (F), middle (M) and last (L). The region upstream of the first pA is the constitutive 3’UTR (light blue), the downstream region is alternative (dark
blue). CDS-APA (bottom) can have a single pA (S) or different pAs in the last exon (TPAs) that compete with the choice of the IPA, which are named
composite terminal exon (Ic), skipped terminal exon (Is) and internal exonic pA (E). (B) Bar graph showing the percentage of UTR-APA and CDS-APA
events annotated (white columns) and regulated by Enzalutamide (black columns) in LNCaP cells. Statistical analysis was performed by Fisher’s exact
test. (C) Bar graphs showing the percentage and number of up-regulated (red) and down-regulated (green) pAs by Enzalutamide, classified into five types
as described in (A). The dotted line indicates the percentage of up-regulated pAs in all Enzalutamide-regulated events used as reference for Fisher’s exact
test (*P <0.05, ***P <0.001). (D) Box plot representing changes (Enzalutamide/DMSO) in APA isoform abundance (�Abn) expressed in normalized
read density for p-pA and d-pA isoforms. Mean values and number of pA isoforms (n◦) are reported. Statistical analysis was performed by Student’s t-test.
(E) The number of genes that undergo shortening and lengthening of the transcript are shown in the bar graph with the relative percentage. P = 0.00647,
Fisher’s exact test. (F) Scatter plot showing changes of isoform abundance upon Enzalutamide treatment referred to 182 genes that displayed both a
statistically significant (P <0.05) regulated p-pA (y-axis) and d-pA (x-axis). Pearson’s correlation coefficient (r) and P-value are reported.

most enriched transcription factors were classified as AR-
interactors in the STRING database (https://string-db.org)
(Supplementary Figure S6B). On this basis, we tested
whether AR is recruited to the promoter/enhancer regions
of APA-regulated genes by performing ChIP assays in
LNCaP cells treated with DHT for 24 h in the presence
or absence of Enzalutamide. To identify the putative AR-
binding sites, we searched for ChIP signals in deposited PC
cell datasets (GSE55064; GSE40050) and designed PCR
primers flanking the most relevant AR peaks (Supple-
mentary Figure S6C). As control for AR binding, we also
tested two GE-regulated genes: RBM47, a new AR target
gene identified by our analysis; and KLK3 (Supplementary
Figure S6D). ChIP assays indicated that AR is specifically
recruited to the regulatory regions of both GE- and APA-
regulated genes. Moreover, binding of AR to the regulatory
regions of APA-regulated genes was significantly reduced

by treatment with Enzalutamide (Figure 3G), similarly to
what was observed for GE-regulated genes (Supplementary
Figure S6E). These results indicate that APA-regulated
genes are direct targets of AR, whose regulation is sensitive
to androgenic stimulation.

AR inhibition induces rearrangements of the cleavage and
polyadenylation complexes

Processing of pre-mRNAs involves the recognition of the
cleavage site (CS) by the C/P machinery, transcript cleav-
age and subsequent recruitment of the poly(A) polymerase
(PAP) that catalyzes polyadenylation of the 3’ end (16,34).
Recognition of cis-acting elements located near the CS by
C/P subcomplexes occurs co-transcriptionally (35), with
some factors being recruited at the promoter regions of
transcribed genes (31,32). This process is mediated by di-
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Figure 3. (A) 3’ READS data (modified from UCSC genome browser tracks) for three representative APA-regulated genes in LNCaP cells treated or not
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rect binding of C/P components either to general transcrip-
tion factors (36,37) or to the C-terminal domain (CTD)
of RNA polymerase II (RNAPII) (30). Serine 2 phos-
phorylation of the RNAPII CTD, which peaks in prox-
imity to the CS and affects APA regulation (38), is un-
der control of AR interactors (39). However, treatment
with Enzalutamide did not significantly affect this post-
translational modification in LNCaP cells (Supplementary
Figure S7A). AR inhibition could also modulate the as-
sembly of C/P subcomplexes on nascent transcripts, as
factors involved in pre-mRNA processing were reported
to interact with the AR in a ligand-dependent manner
(40). Among others, mass spectrometry analyses suggested
an interaction between the AR and CSTF50 after an-
drogen stimulation (41). In line with this previous obser-
vation, CSTF50 co-immunoprecipitated with the AR in
LNCaP cells grown under basal conditions (Figure 4A).
However, treatment with Enzalutamide, which reduced the
pool of AR in the nuclear- and chromatin-associated frac-
tions (Supplementary Figure S7B), disrupted this inter-
action (Figure 4A). To test whether AR inhibition more
generally caused the rearrangement of the C/P machin-
ery, we performed co-immunoprecipitation experiments of
the three major subcomplexes involved in 3’ end process-
ing (16). The CPSF complex recognizes the PAS motif and
catalyzes pre-mRNA cleavage. The CFI and CSTF com-
plexes bind, respectively, to auxiliary upstream (USE) and
downstream sequence elements (DSE) flanking the PAS
(Figure 4B). To enrich for functionally active complexes,
we immunoprecipitated the subunit that directly binds the
RNA in each complex: CPSF30 (PAS), CSTF64 (GU-
rich DSE) and CFIm25 (UGUA USE) (16). CPSF30 effi-
ciently co-immunoprecipitated with the other CPSF com-
ponents in LNCaP cells, and its interaction with CPSF160
and FIP1L1 was significantly increased in the presence
of Enzalutamide (Figure 4C, D). Increased interaction of
FIP1L1 with CPSF30 was also observed upon immuno-
precipitation of the former (Supplementary Figure S7C).
In contrast, no differences were observed in the composi-
tion of the CSTF and CFI complexes (Supplementary Fig-
ure S7D, E). Enzalutamide treatment also impaired the in-
teraction of CSTF64 with CPSF proteins, and particularly
with CPSF160 (Figure 4E, F). The reduced interaction be-
tween CSTF and CPSF was confirmed by immunoprecipi-
tating CSTF50 (Supplementary Figure S7F). These results
suggest that AR activity modulates the assembly of the C/P
subcomplexes and its inhibition impairs the interaction be-
tween CPSF and CSTF while increasing the recruitment of
CPSF160 and FIP1L1 within the CPSF.

AR inhibition promotes selection of pAs flanked by upstream
U-rich elements

Next, we asked whether APA-regulated genes were charac-
terized by specific cis-elements that confer sensitivity to HT.
First, we searched for pentameric motifs enriched in the se-
quences in four subregions encompassing ± 100 bp from
the CS (Figure 5A), a region where most of the C/P sub-
complexes are recruited (16,34). CPSF30 directly binds to
the PAS sequence located at 10–40 nt upstream of the CS
(42,43), while upstream U-rich elements and the UGUA

motif recruit FIP1L1, a component of the CPSF complex
that interacts with CPSF160, and the CFI complex, respec-
tively (16,34,44,45). On the other hand, the CSTF complex
binds to UG/U-rich elements located within 40 nt down-
stream of the CS (46). In addition, strong pAs generally dis-
play G-rich elements beyond this region (+40/+100 nt) (16).
We found a significant enrichment of U-rich pentamers up-
stream of the up-regulated pAs, whereas UGUA elements
were enriched in the same regions of down-regulated pAs
(Figure 5B). Moreover, UG/U-rich elements were enriched
in the downstream region of both up- and down-regulated
pAs (Figure 5B; Supplementary Figure S8A).

To analyze in more detail the distribution of cis-elements
in these regions, we calculated the positional frequencies of
UUUU (FIP1L1), UGUG (CSTF64) and UGUA (CFI25)
motifs (Supplementary Figure S8B, C). Enrichment of U-
rich elements was observed in the whole upstream region
of up-regulated pAs (Figure 5C). Notably, recruitment of
FIP1L1 to U-rich sequences in this region is promoted by
its interaction with CPSF160, a scaffold protein that sta-
bilizes the CPSF complex (43) and whose recruitment to
nascent transcripts is also increased in U-rich regions up-
stream of the PAS (35,44). Conversely, the UGUG motif
was significantly enriched only within the first 25 nt down-
stream of the down-regulated pAs, in line with the known
region of CSTF64 binding (35,46,47) (Figure 5C; Supple-
mentary Figure S8B). Moreover, the UGUG motif was sig-
nificantly depleted in the up-regulated pAs with respect to
both down-regulated and unregulated pAs (Figure 5C). The
UGUA motif was not significantly enriched in the –40/–100
nt region, with the exception of an enrichment in a small re-
gion near –75 nt (Supplementary Figure S8C), which does
not correspond to the CFI positional recruitment peaking
at –40/–50 nt from the CS (16,35). These results suggest that
HT-induced rearrangements within the CSPF complex and
its decreased interaction with the CSTF64 may contribute
to differential selection of pAs that depend on these com-
plexes.

AR inhibition promotes the selection of distal pAs that are
not dependent on CSTF

Promoter-proximal pAs are frequently weaker than down-
stream sites, due to lower frequency of the canonical PAS se-
quence and auxiliary cis-elements (48). Accordingly, bioin-
formatics analyses of sequence elements in all genes ex-
pressed in LNCaP cells highlighted reduced frequency of
the AAUAAA motif as well as of motifs recognized by
the FIP1L1/CPSF160 (UUUU), CFI (UGUA) and CSTF
(UGUG) near p-pAs with respect to d-pAs (Supplementary
Figure S9A, C–F). Thus, although kinetically favored by
their position, p-pAs need to compete with stronger d-pAs
that are endowed with all canonical cis-elements. On the
other hand, acquisition of CSTF motifs in p-pAs was shown
to increase their selection with respect to d-pAs (46,48,49).
Since we observed an overall lengthening of transcripts in
Enzalutamide-treated cells, we asked whether the pAs in
these transcripts also followed this general rule. Unexpect-
edly, the CSTF motif (UGUG) was significantly depleted
in regulated d-pAs with respect to d-pAs of other expressed
genes and was not enriched with respect to regulated p-
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analyses of the proteins that co-immunoprecipitate with CPSF30 (C, D) or CSTF64 (E, F) in LNCaP cells treated or not with Enzalutamide. Rabbit
IgGs were used as negative control. Nuclear extracts represent 10–15% of input used in co-immunoprecipitation assays. In the bar graphs, the signals of
proteins co-immunoprecipitated were represented as fold change in Enzalutamide- versus vehicle (DMSO)-treated cells. Mean of at least three independent
experiments with relative SD are shown. *P <0.05; **P <0.01; ***P <0.001 (Student’s t-test).

pAs (Supplementary Figure S9E). The canonical PAS se-
quence and other cis-elements had a comparable frequency
distribution between pAs in APA-regulated and unregu-
lated genes (Supplementary Figure S9C–F). Notably, genes
undergoing transcript lengthening during HT displayed a
significant enrichment of FIP1L1/CPSF160- (UUUU) and
depletion of CSTF64- (UGUG) binding sites in the d-pAs
with respect to p-pAs, whereas shortened transcripts did
not show significant differences in frequency distribution of
these motifs (Figure 5D).

To test whether Enzalutamide promoted the selection
of pAs without the auxiliary role of the CSTF, we per-
formed CLIP assays for CPSF30, FIP1L1 and CSTF64 in
our gene models. In line with the depletion of UGUG mo-
tifs near the d-pAs of lengthened transcripts (Figure 5D),
we observed that recruitment of CSTF64 was stronger in
p-pAs for both CASK and CTBP1 transcripts (Supplemen-

tary Figure S10A, B). However, no significant changes in
CSTF64 recruitment were observed under AR inhibition
(Figure 5E). In contrast, CPSF30 and FIP1L1 binding to
the d-pAs was induced by Enzalutamide treatment (Fig-
ure 5E). To better understand the contribution of FIP1L1
and CSTF64 to the regulation of these APA events, the al-
ternative pAs of CASK were cloned in the pRiG plasmid,
which contains an RFP and a GFP separated by an IRES
sequence that allows concomitant translation of the two re-
porter genes (26). The CASK p-pA (IPA) and d-pA (TPA)
(± 100 bp from cleavage sites) were cloned downstream of
the RFP and upstream of the IRES sequence that drives
translation of GFP in the bicistronic transcript (Figure 5F,
G). Selection of the inserted pA would terminate the tran-
script before the IRES and increase the RFP/GFP ratio,
which can be detected by flow cytometric (FACS) analy-
sis (Supplementary Figure S10C–F). By using these mini-
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Figure 5. (A) Schematic diagram showing the position of cis-acting RNA elements between –100 nt and +100 nt relative to the CS and the complexes
that bind to them (16,34). (B) Pentameric cis-elements that are significantly enriched in the indicated four regions surrounding the up- and down-regulated
pAs. Enrichment analysis was performed using Fisher’s exact test and expressed as −log10 of the P-value (highlighted numbers). Sequences that resemble
the consensus binding motifs described in (A) are highlighted in red (up-regulated pAs) and green (down-regulated pAs). (C) Box plots represent the
distribution of the indicated tetrameric motif in up- (red), down- (green) and unregulated (gray) pAs. UUUU frequency was evaluated in a region up to
–100 nt from the CS (left graph), whereas UGUG frequency was evaluated in a region from +5 to +25 nt relative to the CS (right graph). ***P <0.001; *P
<0.05; n.s. = not significant (Student’s t-test). (D) Motif distribution at the p-pAs (orange) and d-pAs (light blue) of lengthened and shortened transcripts
analyzed in the regions described in (C). (E) CLIP assays of CPSF30, FIP1L1 and CSTF64 in the region near the regulated pAs. IgGs were used as negative
control (Supplementary Figure S10A, B). CLIP signals for p-pAs (orange) and d-pAs (light blue) of CASK and CTBP1 were quantified by qRT-PCR and
represented as the ratio of the signals in Enzalutamide- versus vehicle-treated cells (mean of at least three independent experiments with relative SD; *P
<0.05; n.s. = not significant, Student’s t-test). (F, G) Scheme of the pRiG minigenes harboring CASK IPA and TPA sequences (± 100 bp from cleavage
sites). PAS-, FIP1L1- and CSTF64-binding sites are highlighted in dark blue, light blue and orange, respectively. The position of the CS and mutated bases
(in red) is also shown. (H, J) Comparison of log2(RFP/EGFP) obtained with minigenes harboring the wild type or mutated sequences (as in F, G), or
empty pRiG vector (w/o). (I, K) CLIP assays to detect FIP1L1 and CSTF64 recruitment to CASK TPA and IPA in the wild type or mutated sequences.
IgGs were used as negative control. Data represent the mean of at least three independent experiments with relative SD. *P <0.05; **P <0.01; ***P <0.001
(Student’s t-test).
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genes, we confirmed the functionality of both the IPA and
TPA sequences of CASK (Figure 5H, J). Moreover, usage
of the IPA and the TPA was significantly reduced when the
CSTF64 (Figure 5F, H) or FIP1L1 (Figure 5G, J) motifs
were mutated, respectively. Accordingly, CLIP assays indi-
cated that FIP1L1 and CSTF64 efficiently bound the tran-
scripts harboring the wild-type TPA and IPA sequences and
that these interactions were reduced upon mutation of the
U-rich and GU-rich elements, respectively (Figure 5I, K).
Together with the reduced interaction between CPSF and
CSTF (Figure 4E, F), these results suggest that AR in-
hibition induces the selection of a subset of U-rich d-pAs
that are not dependent on CSTF. In support of this no-
tion, depletion of CSTF64 in LNCaP cells did not impair
the Enzalutamide-induced up-regulation of the CTBP1 and
CASK d-pA isoforms (Supplementary Figure 10G).

Transcriptional coupling of APA by the AR involves differen-
tial recruitment of CPSF30 to the promoter region

The CPSF and CSTF complexes can associate with
RNAPII in gene promoter regions and are then deposited
at the 3’ end of the nascent transcripts, where they mediate
pre-mRNA processing at the pA (31,36–38,50). To explore
the recruitment of CPSF30 and CSTF64 at the promoter
of APA-regulated genes, we performed ChIP assays. In line
with the effects on their transcriptional regulation (Sup-
plementary Figure S5D; Supplementary Table S4), Enza-
lutamide treatment significantly reduced RNAPII recruit-
ment on the KLK3 promoter but not on the CASK and
CTBP1 promoters (Figure 6A). Interestingly, CPSF30 re-
cruitment was increased at the promoter region of these
APA-regulated genes, regardless of the transcriptional ef-
fect (Figure 6B), whereas it did not bind to the pro-
moter of a non-regulated gene (KHDRBS1; Supplemen-
tary Figure S10H). Recruitment of CSTF64 was not sig-
nificantly affected by hormone treatment, albeit a slight
reduction was observed in all genes tested (Figure 6C).
These results suggest that AR activity primes APA reg-
ulation by affecting the assembly of C/P factors at the
gene promoter regions. Moreover, our findings indicate
that hormone treatments predispose the selection of U-rich
pAs that are less dependent on CSTF function by favor-
ing the recruitment of CPSF30 at their promoter region
(Figure 6D).

Increased CPSF160 expression in CRPC cells promotes the
HT-induced APA signature and correlates with poor progno-
sis

We asked whether CRPC cells that have acquired resis-
tance to HT are characterized by changes in expression of
the C/P factors that contribute to Enzalutamide-induced
APA events. First, by querying expression data from PC pa-
tients in The Tumor Genome Atlas (TCGA; PanCancer At-
las) (20), we found that CPSF160 is the most up-regulated
C/P component in PC samples from patients who under-
went disease recurrence, which is associated with resistance
to HT, with respect to non-recurrent patients (Figure 7A).
CPSF73 and CFIm68 were also up-regulated in recurrent
patients, albeit to a lesser extent (Supplementary Figure

S11A), whereas CSTF50 and CFIm25 were significantly
down-regulated (Figure 7A). We also observed a significant
reduction in KLK3 expression in recurrent patients (Figure
7A), as well as in 22Rv1 cells with respect to the androgen-
sensitive LNCaP cells (Supplementary Figure S11B, C).
Querying of two additional datasets (21,22) confirmed the
significant up-regulation of CPSF160 in CRPC patients
with respect to primary tumors and primary/HT-sensitive
PCs (Supplementary Figure S11D). Moreover, high expres-
sion of CPSF160 was significantly associated with worse
prognosis in PC patients (Figure 7B, C), a feature related
to acquisition of HT resistance and metastatic progression
of the disease (1,2). Interestingly, combined high CPSF160
expression and low CSTF expression (CSTF50 or CSTF64)
was associated with an even more significant negative prog-
nosis (Figure 7C; Supplementary Figure S11E). Conversely,
no improvement of prognostic value was observed in pa-
tients displaying high CPSF160 and low CFIm25 expres-
sion (Supplementary Figure S11E).

To test whether CPSF160 plays a role in CRPC cells, we
evaluated its expression in 22Rv1 cells and in LNCaP cells
that were selected upon chronic exposure to Enzalutamide
(LNCaP-ER), which maintained the resistance to the drug
and expressed lower KLK3 levels like 22Rv1 cells (Supple-
mentary Figure S11B, C). CPSF160 was up-regulated in
both these CRPC cell lines with respect to LNCaP cells
(Figure 7D). Further analysis in 22Rv1 cells confirmed that
CPSF160 was the most up-regulated C/P factor (Supple-
mentary Figure S11F, G). Moreover, depletion of CPSF160
in 22Rv1 cells reduced their colony-forming ability (Figure
7E; Supplementary Figure S11H), a metastatic feature of
cancer cells. The increase in CPSF160 expression in 22Rv1
cells correlated with the same APA pattern of CASK (Fig-
ure 7F), CTBP1 and KLK3 (Supplementary Figure S11I,
J) that was observed in Enzalutamide-treated LNCaP cells,
whereas CPSF160 knockdown switched pA selection to-
ward the pattern observed in untreated LNCaP cells (Figure
7G; Supplementary Figure 11K). These observations sug-
gest that increased activity of CPSF160 promotes the HT-
induced APA signature in CRPC cells.

To investigate whether the APA pattern induced by En-
zalutamide contributes to the oncogenic features of PC
cells, we focused on CASK, which encodes a kinase re-
cently shown to promote PC progression (51). Selection
of IPA generates a transcript variant terminating in the
fourth intron of CASK, which comprises 27 exons. Enza-
lutamide treatment promotes the full-length APA isoform
and is expected to increase CASK protein levels. Accord-
ingly, the APA switch triggered by Enzalutamide correlates
with an increase in CASK protein in LNCaP cells (Fig-
ure 7H). Increased CASK protein levels were also observed
in 22Rv1 and LNCaP-ER cells (Figure 7H), which also
show preferential use of the TPA (Figure 7F). It is notewor-
thy that knockdown of CASK in 22Rv1 cells limited their
malignant phenotype, as indicated by the reduced colony-
forming (Figure 7I; Supplementary Figure 11L) and inva-
sive (Figure 7J) potentials. Collectively, these findings sug-
gest that uncoupling CPSF and CSTF activity in PC cells
exposed to HT reprograms the transcriptome through APA
(Figure 7K), a process that might be associated with pro-
gression toward a CRPC phenotype.
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Figure 6. (A–C) qRT-PCR analyses of ChIP experiments performed in LNCaP cells using RNAPII, CPSF30 and CSTF64 antibodies, as indicated. Bar
graphs show the amount of DNA immunoprecipitated in Enzalutamide-treated cells expressed as fold change with respect to untreated cells (mean of three
independent experiments with relative SD. *P <0.05; ***P <0.001, Student’s t-test). (D) Schematic model of the effects elicited by AR inhibition on APA
regulation. Left panel: when AR is activated, p-pAs characterized by UG-rich elements recruit CSTF, which promote CPSF binding to the PAS. Right
panel: AR inhibition allows increased recruitment of CPSF30 to the gene promoter, favors the disassembly of the CSTF–CPSF interaction (light colors)
and promotes the usage of d-pAs that are independent of CSTF, thus causing transcript lengthening.

DISCUSSION

The AR guides a transcriptional program required for
prostate gland development and function (1). On the other
hand, uncontrolled AR activity promotes neoplastic trans-
formation of prostate cells and is also involved in the pro-
gression of PC toward more advanced, therapy-resistant
phenotypes (1–4). Thus, elucidating the mechanisms by
which the AR modulates the transcriptome of prostate cells
may highlight new molecular targets of its function, paving
the way for the development of more efficacious therapies.
In this work, we have discovered that hormone treatment
triggers a widespread remodeling of the PC cell transcrip-
tome through APA regulation. Inhibition of AR activity by
Enzalutamide caused rearrangements in the CPSF complex
and reduced its interaction with the CSTF complex, thus
favoring pAs flanked by U-rich motifs. Notably, the APA
pattern induced by short-term HT treatment appears to be
maintained, at least in part, in PC cells that have acquired
resistance to Enzalutamide, such as 22Rv1 cells. Moreover,
this long-term response is associated with increased expres-
sion of CPSF160 in CRPC cells, a feature that correlates
with disease recurrence and poor prognosis in PC patients.
Thus, our study suggests that APA regulation contributes to
the acquisition of HT resistance in advanced PC and that
targeting CPSF160 expression or activity may represent a
valuable approach to revert such resistance.

The AR is a ligand-activated transcription factor, and
most efforts have focused on the transcriptional programs
orchestrated by the AR in both PC and CRPC cells (51–
53). Nevertheless, more recent evidence has indicated that
AR activation also modulates gene expression at the post-
transcriptional level, by causing global changes in splic-

ing in the PC transcriptome (30,31). This effect was largely
indirect and mediated by transcriptional control of the
expression of the splicing factors ESRP1 and ESRP2.
The ESRP1/2 proteins are expressed by epithelial cells
and promote splicing of mRNA variants that are typical
of the epithelial status (30,31). Accordingly, inhibition of
ESRP1/2 expression by HT switched splicing regulation
of many cancer-relevant genes toward a mesenchymal pat-
tern (30,31), which is generally associated with metastatic
behavior of cancer cells (54). These results highlighted an
AR-dependent splicing program whose dysregulation may
have important implications for disease progression. Our
findings now reveal that AR activity also globally impacts
on 3’ end processing of pre-mRNAs (Figure 7K). How-
ever, in contrast to splicing regulation, several observations
suggest a direct effect of the AR on APA. First, although
most APA-regulated genes are not regulated at the tran-
scriptional level, AR is recruited to their promoters and this
association is sensitive to short-term HT treatment. Second,
AR interacts with CSTF50, and Enzalutamide impaired
this interaction and the association between the CSTF and
CPSF complexes. HT also caused rearrangements within
the CPSF complex, by enhancing the recruitment of the
scaffold protein CPSF160 and the U-rich binding protein
FIP1L1. Lastly, we observed that Enzalutamide treatment
affected the recruitment of CPSF30 to the promoter re-
gion of APA-regulated genes, suggesting that removal of
AR from these promoters favors the interaction between
the transcriptional machinery and CPSF, predisposing the
selection of pAs that mainly depend on this complex. To
our knowledge, these findings document for the first time
the regulation of APA by a transcription factor through a
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Figure 7. (A) Heatmap of log2-fold changes in mRNA expression of the indicated C/P factors and KLK3 in 351 PC samples with clinical response versus
81 PC samples with resistance to HT (TCGA, PanCancer Atlas) (upper panel). The thick line highlights significantly modulated factors in the two groups
analyzed (P <0.05; Student’s t-test). Box plots showing the normalized expression of CPSF160, CFIm25, CSTF50 and KLK3 with relative median and
5th/95th percentiles (whiskers) are shown in the lower panels (*P <0.05; **P <0.01; ***P <0.001; Student’s t-test). (B) Correlation of expression of C/P
factors with survival in PC patients. Survival heatmap shows the log10 of the hazard ratio (HR), calculated using log-rank (Mantel–Cox) test. For each
gene, the HR was estimated using the progression-free survival data and the expression levels using the median threshold for splitting the high-expression
and low-expression cohorts. The thick frame indicates a significant correlation (P <0.01). (C) Kaplan–Meier plot comparing the progression-free survival
of patients with high (red) and low (green) expression of CPSF160 transcript (left) or with concomitant high CPSF160 and low CSTF64 expression (red
line) with respect to all other patients (blue line; right). (D) Representative western blot analysis of CPSF160 protein levels in the indicated cell lines. Ratio
of CPSF160 expression relative to LNCaP cells was calculated by densitometric analysis and is shown below (mean ± SD, n ≥3). (E) Colony formation
efficiency of 22Rv1 cells silenced (#1, #2) or not (–; control siRNA) for CPSF160. (F) qRT-PCR analysis of the CASK TPA versus IPA ratio in LNCaP
cells treated or not with Enzalutamide, LNCaP-ER and 22Rv1 cells. (G) qRT-PCR analysis of the CASK TPA versus IPA ratio in 22Rv1 silenced (#1, #2)
or not (–; control siRNA) for CPSF160. (H) Representative western blot analysis of CASK protein levels in the indicated cell lines. The ratio of CASK
expression relative to LNCaP cells was calculated by densitometric analysis and shown below (mean ± SD, n ≥3). (I) Colony formation efficiency of
22Rv1 cells silenced (#1, #2) or not (–; control siRNA) for CASK. (J) Line graph showing the time course of 22Rv1 cells, silenced or not for CASK, that
invade Matrigel-coated transwells of the IncuCyte Clearview 96-well insert system and expressed as a percentage of total seeded cells. Negative control
(white squares) was performed with 22Rv1 cells that were not starved to prevent their migration. The data represent the mean ± SD of two independent
experiments performed in triplicate (two-way ANOVA for each siCASK relative to scr). (K) Schematic model of the AR-regulated transcriptional and APA
programs.
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mechanism that involves rearrangements of C/P subcom-
plexes on the gene promoter region.

Our analysis revealed that short-term HT treatment pref-
erentially causes the selection of d-pAs with respect to IPAs,
thus leading to transcript lengthening. Since selection of
IPAs changes the structure of the proteins and often results
in unproductive transcripts, HT may lead to increased pro-
duction of proteins whose transcripts undergo lengthening.
Importantly, among the genes subjected to CDS-APA regu-
lation, some play an oncogenic role in PC. For instance, the
kinase CASK was recently shown to promote PC progres-
sion (51). We now show that CASK transcript lengthening
correlates with an increase in CASK protein levels and that
its depletion in 22Rv1 cells impairs their clonogenic and in-
vasive potential. Moreover, we observed that genes under-
going transcript lengthening are enriched in functional cat-
egories related to transcription regulation, suggesting that
APA may also contribute to reprogram the PC cell tran-
scriptome in response to HT. In this regard, it is interesting
to mention that CASK was also shown to positively regu-
late the NOTCH pathway and other stemness pathways in
other cancers (55,56). Thus, the increased CASK levels may
also contribute to switch PC cells toward a stem-like pheno-
type in response to HT.

APA changes in cancer have been generally associated
with transcript shortening, which is a feature of actively pro-
liferating cells with respect to differentiated cells (34). Thus,
transcript lengthening induced by HT could be part of the
mechanisms that lead to reduced proliferation and neuroen-
docrine differentiation of PC cells under androgen depriva-
tion (57). Moreover, a recent study suggested that transcript
lengthening through APA characterizes the quiescent status
of hematopoietic stem cells, which then switch to express
shorter APA isoforms upon transition from quiescence to
activation (58). Likewise, fibroblasts induced into quies-
cence by contact inhibition were shown to preferentially ex-
press longer transcripts through selection of d-pAs, which
was associated with transcript stabilization (59). Thus, the
HT-induced APA reprogramming may represent a func-
tional mechanism set in motion by PC cells to withstand
the hostile environment caused by androgen deprivation.

Computational analysis of sequence elements that char-
acterize APA-regulated events highlighted an enrichment
of U-rich motifs upstream of the up-regulated pAs and
of UG-rich motifs downstream of the repressed pAs. Up-
stream U-rich elements are directly recognized by FIP1L1,
a CPSF component that acts in pA processing together with
CPSF160 (44). In addition, CPSF160 also acts as a scaffold
that pre-organizes WDR33 and CPSF30 for PAS recogni-
tion (43). Thus, the increased interaction of CPSF160 and
FIP1L1 with CPSF30 induced by HT may favor the selec-
tion of pAs comprising U-rich motifs (Figure 6D). Since
U-rich motifs are preferentially enriched in d-pAs, their se-
lection preferentially leads to transcript lengthening. In sup-
port of this hypothesis, Enzalutamide induced the binding
of CPSF30 and FIP1L1 near to the selected pAs in LNCaP
cells. It is noteworthy that upon inhibition and reduced
binding of the AR, CPSF30 was also recruited more effi-
ciently at the promoter region of these APA-regulated genes.
This observation is in line with the known co-recruitment
of components of the C/P machinery at promoters by

RNAPII (30) and suggests a new role for the AR in coupling
promoter-associated events with RNA processing regula-
tion. In our experiments, we immunoprecipitated CPSF30
because it binds more strongly to RNAPII than other CPSF
components (50), it directly contacts the PAS sequence in
the pre-mRNA, and CPSF30 antibodies were very efficient
under CLIP and ChIP conditions. Conversely, CPSF160
does not contact the RNA directly and cannot be efficiently
cross-linked to the pre-mRNA (42). Nevertheless, it is likely
that the whole CPSF complex is concomitantly recruited by
RNAPII at promoters of these APA-regulated genes.

The other sequence element significantly enriched in our
analysis was the UG-rich motif. UG-rich elements down-
stream of the CS are bound by CSTF64 and this factor
globally promotes the selection of p-pAs (60). In particu-
lar, CSTF64 binds to thousands of IPAs, thus globally af-
fecting CDS-APA regulation (46). Interestingly, CSTF64
is down-regulated in quiescent fibroblasts, concomitantly
with widespread transcript lengthening, whereas its knock-
down in proliferating fibroblasts was sufficient to recapit-
ulate the selection of APA isoforms associated with quies-
cence (59). While we did not observe a reduction in CSTF64
expression in HT-treated cells, its interaction with the CPSF
complex was significantly reduced. Thus, it is likely that dis-
sociation of the CSTF from the CPSF complex upon AR in-
hibition impairs the selection of pAs that contain UG-rich
motifs and that rely more strictly on CSTF function. As al-
ready observed in fibroblasts, reduced CSTF efficiency leads
to preferential down-regulation of p-pAs also in PC cells.

Analysis of the expression levels of C/P components in
PC datasets revealed that CPSF160 (CPSF1 gene) is the
only factor that positively correlates with both PC recur-
rence and progression in patients. Moreover, we found that
CPSF160 was up-regulated in 22Rv1 cells and its depletion
was sufficient to repress the HT-induced APA pattern in
these CRPC cells. Therefore, we suggest that up-regulation
of CPSF160 in CRPC cells stabilizes CPSF recruitment to
U-rich pAs that depend less strictly on the CSTF func-
tion. Interestingly, CPSF160 was also shown to promote
expression of AR-Vs in 22Rv1 cells through APA regula-
tion (12), and these truncated receptor variants are strongly
associated with tumor progression and resistance to thera-
pies (6,14,15). These observations suggest that HT induces a
short-term response through CPSF160-mediated APA reg-
ulation in PC cells to withstand androgen deprivation. This
pathway might then be stabilized by the increased expres-
sion of CPSF160, an event that probably contributes to tu-
mor progression and acquisition of the CRPC phenotype
in PC cells and patients. CPSF160 expression was also pos-
itively correlated with tumorigenesis in other human can-
cers, including triple-negative breast cancer (61) and hep-
atocellular carcinoma (62). Our findings now suggest that
global APA reprogramming is part of the oncogenic activity
of CPSF160 in PC cells. Thus, CPSF160 may represent an
actionable therapeutic target in CRPC to revert resistance
to HT and improve clinical outcome of patients.
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