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ABSTRACT

In PTEN-deficient prostate cancers, AKT signaling
may be activated upon suppression of androgen re-
ceptor signaling. Activation of AKT as well as NF-
�B signaling involves a key regulatory protein com-
plex containing PHLPP, FKBP51 and IKK� . Here, we
report a critical role of lncRNA PCAT1 in regulat-
ing the PHLPP/FKBP51/IKK� complex and progres-
sion of castration-resistant prostate cancer (CRPC).
Using database queries, bioinformatic analyses, as
well as RIP and RNA pull-down assays, we discov-
ered and validated that the lncRNA-PCAT1 perturbs
the PHLPP/FKBP51/IKK� complex and activates
AKT and NF-�B signaling. Expression of lncRNA-
PCAT1 is positively linked to CRPC progression.
PCAT1 binds directly to FKBP51, displacing PHLPP
from the PHLPP/FKBP51/IKK� complex, leading to
activation of AKT and NF-�B signaling. Targeting
PCAT1 restores PHLPP binding to FKBP1 leading
to suppression of AKT signaling. Preclinical study
in a mouse model of CRPC suggests therapeutic
potential by targeting lncRNA PCAT1 to suppress
CRPC progression. Together, the newly identified
PCAT1/FKBP51/IKK� complex provides mechanis-
tic insight in the interplay between AKT, NF-�B and
AR signaling in CRPC, and the preclinical studies
suggest that a novel role for PCAT1 as a therapeutic
target.

INTRODUCTION

Prostate cancer (PCa) is the most commonly diagnosed
malignancy among men and still ranks the second-leading
cause of male cancer-related death in Western countries
(1,2). With the development of magnetic resonance imag-
ing (3,4) and prostate-specific antigen (PSA) screening (5,6),
clinically significant PCa are being diagnosed at earlier
stage. These patients are routinely treated with surgery and
radiation with the intention to cure (7,8). Signaling medi-
ated by the androgen receptor has an established role in
the progression of PCa (9). Androgen-deprivation therapy
(ADT) is the main systemic treatment for patients with lo-
cally advanced, biochemically recurrent PCa and metastatic
prostate cancer. However, most patients initially sensitive
to ADT will develop resistance to the treatment, and pro-
gression to castration-resistant prostate cancer (CRPC) is
nearly inevitable. Metastatic CRPC is generally considered
a lethal disease and currently managed by multiple lines of
systemic therapies with moderate survival benefit.

The phosphatidylinositol 3-kinase (PI3K)/AKT path-
way is one of the most prominent signaling pathways linked
to PCa progression (10,11). PI3K activation results in phos-
phorylation of AKT and its downstream genes, includ-
ing mammalian target of rapamycin (mTOR). Phospho-
rylated AKT (p-AKT), possessing a PH domain, can be
considered as an indicator of PI3K/AKT pathway activa-
tion. The PI3K/AKT pathway may be antagonized by sev-
eral phosphatases, such as phosphatase and tensin homolog
gene (PTEN), and PH and leucine-rich repeat protein phos-
phatase (PHLPP) (12,13). Loss of PTEN is one of the most
common genomic alterations in prostate cancer, and there is
a reciprocal feedback between activation of AKT signaling
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and AR signaling (14). Activated AKT signaling regulates
a variety of processes, especially cell proliferation and sur-
vival. In addition to AKT activation, it is also well known
that nuclear factor �B (NF-�B )signaling is aberrantly ac-
tivated in CRPC, with constitutively higher levels of NF-
�B reported in castration-resistant cell lines when compared
with androgen-dependent cell lines (15).

Non-coding RNAs (ncRNAs) are rising as key
molecules, with the potential to serve as novel targets
for CRPC and provide mechanistic insight in many un-
characterized aspects of CRPC. PCAT1, a long non-coding
RNA (lncRNA), was first described in 2011 as a prostate-
specific regulator of cell proliferation in prostate cancer
(16). Zhang et al. found that PCAT1 could promote the
progression of extrahepatic cholangiocarcinoma through
activation of Wnt/�-catenin signaling (17). Other studies
also demonstrated the oncogenic role of PCAT1 in gastric
cancer, hepatocellular carcinoma, non-small cell lung
cancer and bladder cancer (18–25). The prostate-specific
role of PCAT1, particularly in relation to its role in CRPC,
remains largely unknown.

In this study, we report a novel role of PCAT1 in CRPC.
We reveal a critical role of PCAT1 in activating AKT and
NF-�B signaling pathways. We revealed novel interaction
between PCAT1 and a protein complex known to medi-
ate AKT and NF-�B p65 activation, establishing PCAT1
as an emerging lncRNA functionally important in CRPC
progression.

MATERIALS AND METHODS

Tissue specimens

Prostate tissue specimens used in this study were surgical
specimens from patients with prostate cancer with com-
plete clinicopathological data. ADPC specimens (n = 5)
were acquired by radical prostatectomy, and CRPC speci-
mens (n = 5) were acquired by transurethral resection of the
prostate. These samples were paraffin-embedded and sub-
jected to immunohistochemistry analysis and RISH assays
with standard DAB staining protocols. In addition, eight
ADPC samples acquired by radical prostatectomy and six
CRPC samples acquired by transurethral resection of the
prostate were fresh frozen in liquid nitrogen and processed
for reverse transcription polymerase chain reaction (RT-
PCR). Samples used in RT-PCR contained greater than
60% tumor content but were prepared without microdissec-
tion of tissues. All studies were approved by the Ethics Com-
mittee of the Second Hospital of Tianjin Medical Univer-
sity, and informed consent was obtained from all patients.

Animal studies

The animal studies were approved by Tianjin Institute of
Urology, Tianjin, China. Male nude mice (6 weeks old) were
purchased from Beijing HFK Bioscience Co. Ltd. (Beijing,
China). Subcutaneous tumor growth assays were performed
with LNCaP-AI cells. After 2 weeks, the control set (n = 4)
was injected with lentiviruses carrying control shRNA, and
the trial set (n = 4) was injected with lentiviruses carrying
lncRNA-PCAT1 shRNA in the inoculated site for 6 days.

The growth of tumors was monitored everyday by measur-
ing tumor size from the outside of mice skin. Volume was
calculated with V = 1/2 × length × width2. After 6 days,
the difference of tumor size in these two groups was visible,
and the tumors were harvested under standard, institution-
ally approved processes. Tumor samples were paraffin fixed
and processed for RISH analysis and immunohistochem-
istry analysis.

Cell culture, cell lines and transfection

The parental androgen-dependent human prostate can-
cer cell line LNCaP and androgen independent cell line
C4-2 were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cell lines
were maintained in RPMI-1640 medium (Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(Gibco), 100 ng/ml streptomycin and 100 U/ml penicillin
(Gibco). For androgen deprivation, parental LNCaP cells
were maintained in RPMI 1640 medium supplemented with
10% charcoal-stripped fetal bovine serum (BI, Cromwell,
CT, USA). The LNCaP-AI line was generated follow-
ing long-term culture of the parental LNCaP cells under
androgen-deprived conditions. Cells were incubated at 37◦C
with 5% CO2. Transfection of LNCaP, LNCaP-AI and
C4-2 cells reaching 50–70% confluency with siRNAs, and
shRNA was performed using Lipofectamine 2000 (Invitro-
gen, Waltham, MA, USA) and X-tremeGENE HP Trans-
fection Reagent (Roche, Indianapolis, IN, USA), respec-
tively, according to the manufacturers’ instructions. Target
sequences for siRNAs and shRNA used in this study in-
cluded:

PCAT1 siRNA1 target sequence: ATACATAAGACC
ATGGAAAT, siRNA2 target sequence: GAACCTAACT
GGACTTTAATT, PCAT1 shRNA target sequence: ATAC
ATAAGACCATGGAAAT, FKBP51 shRNA target se-
quence: ACCTAATGCTGAGCT. PCAT1 overexpressed
lentivirus was purchased from GENECHEM (Shanghai,
China). PCAT1-MUT (�1001–1400 bp truncated mutant)
overexpression lentivirus was purchased from GenePharma
(Suzhou, China). GST-tagged FKBP51-WT (full-length)
and GST-tagged FKBP51-MUT (�251–390AA truncated
mutant) overexpression lentivirus were purchased from
GenePharma.

Analysis of public datasets

The Cancer Genome Atlas (TCGA) Prostate Adenocarci-
noma datasets were retrieved from the cBioPortal (http:
//www.cbioportal.org/) for Cancer Genomics (26,27). DNA
copy-number calls on 498 cases were determined using GIS-
TIC 2.0: -2 = homozygous deletion; -1 = hemizygous dele-
tion; 0 = neutral/no change; 1 = gain; 2 = high level
amplification. Recurrence-free survival data calls on 492
cases and overall survival data calls on 498 cases were
downloaded from the cBioPortal for Cancer Genomics sur-
vival module. The survival curves were constructed ac-
cording to the Kaplan–Meier method and compared us-
ing the log-rank test. RNA-seq data for PCAT1 were re-
trieved from 498 ADPC cases and 118 mCRPC cases re-
ported by the Cancer Genome Atlas (TCGA) (28) and the
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SU2C/PCF Dream Team (29). Relative expression differ-
ences for PCAT1 across the two cohorts were evaluated by
FPKM values (fragments per kilobase of transcript per mil-
lion mapped reads).

Expression microarray analysis

LNCaP-AI and LNCaP cell lines were used for this mi-
croarray analysis. RNA quantity and quality were evalu-
ated by NanoDrop ND-1000 (Thermo Scientific, Waltham,
MA, USA), and RNA integrity was further assessed by
standard denaturing agarose gel electrophoresis. Arraystar
Human LncRNA Microarray V3.0 was designed for the
global profiling of human LncRNAs and protein-coding
transcripts, which was updated from the previous Microar-
ray V2.0. A total of 30 586 LncRNAs and 26 109 coding
transcripts were queried by this third-generation LncRNA
microarray. Sample labeling and array hybridization were
performed according to the Agilent One-Color Microarray-
Based Gene Expression Analysis protocol (Agilent Tech-
nologies, Santa Clara, CA, USA) with minor modifications.
Briefly, mRNA was purified from total RNA after removal
of rRNA (mRNA-ONLY™ Eukaryotic mRNA Isolation
Kit, Epicentre, Madison, WI, USA). Then, each sample
was amplified and transcribed into fluorescent cRNA along
the entire length of the transcripts without 3′ bias utilizing
a random priming method (Arraystar Flash RNA Label-
ing Kit, Arraystar, Rockville, MD, USA). The labeled cR-
NAs were purified by RNeasy Mini Kit (Qiagen, Venlo,
Netherlands). The concentration and specific activity of
the labeled cRNAs (pmol Cy3/�g cRNA) were measured
by NanoDrop ND-1000. Each labeled cRNA (1 �g) was
fragmented by adding 5 �l of 10× Blocking Agent and
1 �l of 25× Fragmentation Buffer, heated at 60◦C for 30
min, and finally mixed with 25 �l of 2× GE Hybridization
buffer. The hybridization solution (50 �l) was dispensed
into the gasket slide and assembled to the LncRNA ex-
pression microarray slide. The slides were incubated for 17
h at 65◦C in an Agilent Hybridization Oven. Agilent Fea-
ture Extraction software (version 11.0.1.1) was used to an-
alyze acquired array images. Quantile normalization and
subsequent data processing were performed with using the
GeneSpring GX v12.1 software package (Agilent Technolo-
gies). After quantile normalization of the raw data, differ-
entially expressed LncRNAs with statistical significance be-
tween the two groups were identified through P-value/FDR
and Fold Change filtering. Accession ID for the array data
is GSE124291.

RNA-Seq analysis

LNCaP-AI cells transfected with lncRNA PCAT1 shRNA
and the scramble shRNA were used for the RNA-seq.
RNA quantity and quality were evaluated by NanoDrop
ND-1000, and RNA integrity further assessed by standard
denaturing agarose gel electrophoresis. The sequencing li-
braries were generated using 1–2 �g of total RNA and
the KAPA Stranded RNA-Seq Library Prep Kit from Il-
lumina (San Diego, CA, USA) according to the manufac-
turer’s instructions. Briefly, the first step involved the enrich-
ment of mRNA using NEBNext® Poly (A) mRNA Mag-
netic Isolation Module. Following purification, the RNA

was fragmented into small pieces using divalent cations
under elevated temperature. The cleaved RNA fragments
were reverse-transcribed into first strand cDNA using re-
verse transcriptase and random primers, followed by sec-
ond strand cDNA synthesis using DNA polymerase I and
RNase H. These cDNA fragments were added a single ‘A’
base and followed by subsequent ligation of the adapter.
The products were purified and enriched by polymerase
chain reaction (PCR) to create the final cDNA library. The
enrichment and size distribution of the libraries were tested
by Agilent 2100 Bioanalyzer. The hybridization and clus-
ter generation were performed on a cBot unit. The sam-
ples were single-end sequenced with a read length of 50 bp
on an Illumina HiSeq 4000 sequencer. After pre-treatment
of the raw reads (filtering and QC), sequencing reads were
mapped against the human reference genome version 19
using the TopHat algorithm version 2.0.9 using Ensembl
gene annotations version GRCh37.65. Further analysis was
performed using the R statistical programming language
version 2.15.0. After alignment to the genome, the expres-
sion level of genes was determined based on the value
of FPKM (30), which was calculated by Ballgown (31).
DEGseq package was applied to compare differentiated
transcripts among sample based on FPKM values (fold-
change ≥ 1.5, P-value ≤ 0.05). Genes positively regulated by
AKT or NF-�B signaling were genes demonstrating down-
regulated expression after PCAT1 knockdown (PCAT1-
knockdown versus PCAT1-shSCR) and based on KEGG
pathways. Individual P values for each gene in the two sig-
naling pathways were listed in Supplementary Table S4. Ac-
cession ID for the RNA-seq data is GSE124519.

Quantitative RT-PCR analysis

The expression of lncRNA PCAT1 in eight ADPC frozen
samples, six CRPC frozen samples, LNCaP-AI and C4-2
cells transfected with shRNA and siRNAs were detected
with RT-PCR. Total RNA was isolated from cells using
Trizol reagent (Invitrogen) and used for the first strand
cDNA synthesis with the Reverse Transcription System
(Roche) following the manufacturer’s protocol. Resulting
cDNA was then analyzed by PCR using Applied Biosys-
tems 7900 Real Time PCR System (Thermo Scientific)
and SYBR Green PCR Master Mix (Roche) according
to the manufacturers’ instructions. GAPDH and �-actin
were used as an internal control. The relative expression
of RNAs was calculated using the comparative Ct method.
Primer sequences are listed below: PCAT1, forward 5′-TG
AGAAGAGAAATCTATTGGAACC-3′ and reverse 5′-
GGTTTGTCTCCGCTGCTTTA-3′; GAPDH, forward 5′-
GGAGCGAGATCCCTCCAAAAT-3′ and reverse 5′-GG
CTGTTGTCATACTTCTCATGG-3′; �-actin, forward 5′-
GGGAAATCGTGCGTGACATTAAG-3′ and reverse 5′-
TGTGTTGGCGTACAGGTCTTTG-3′. Separate primer
sets used in mutant assays (Figure 4D and E) are listed
below: PCAT1, forward 5′-CGCAAAGGAACCTAACTG
GAC-3′ and reverse 5′-TTCATTGCACATCACAATCC
G-3′; PCAT1-MUT, forward 5′-TTCCCATGTGCCTCTA
AGTGC-3′ and reverse 5′-CCCGTTATGTTGACCAAT
GCC-3′.
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Antibodies

The following antibodies were used for immunoprecipita-
tion, immunostainig and immunoblotting: FKBP51 (Ab-
cam, Cambridge, UK, ab46002, 1:250 dilution for im-
munoblotting), AKT (Cell Signaling Technology, Dan-
vers, MA, USA, #4691, 1:1000 dilution for immunoblot-
ting, 1:300 dilution for immunohistochemistry), p-AKT
Ser473 (Cell Signaling Technology, #4060, 1:2000 dilution
for immunoblotting, 1:100 dilution for immunohistochem-
istry), IKK� (Cell Signaling Technology, #2682, 1:1000
dilution for immunoblotting), NF-�B p65 (Cell Signaling
Technology, #8242, 1:1000 dilution for immunoblotting,
1:800 dilution for immunohistochemistry), p-NF-�B p65
(phospho S536) (Abcam, ab86299, 1:5000 dilution for im-
munoblotting, 1:1000 dilution for immunohistochemistry),
PHLPP (Abcam, ab71972, 1:5000 dilution for immunoblot-
ting), cleaved caspase3 (R&D, Minneapolis, MN, USA,
MAB835, 1:1000 dilution for immunoblotting), BCL-2
(SANTA CRUZ, Dallas, TX, USA, sc-783, 1:200 dilution
for immunoblotting), Ki67 (Abcam, ab16667, 1:250 dilu-
tion for immunoblotting, 1:100 dilution for immunohis-
tochemistry), PCNA (Cell Signaling Technology, #2586,
1:2000 dilution for immunoblotting, 1:2400 dilution for im-
munofluorescence), p-Erk1/2 (Thr202/Tyr204) (Cell Sig-
naling Technology, #4370, 1:400 dilution for immunohisto-
chemistry, 1:2000 dilution for immunoblotting), p-4E-BP1
(Thr37/46) (Cell Signaling Technology, #2855, 1:100 di-
lution for immunohistochemistry, 1:1000 dilution for im-
munoblotting), c-Myc (Abcam, ab56, 1:500 dilution for im-
munohistochemistry, 1:1000 dilution for immunoblotting),
GST (Abcam, ab19256, 1:5000 dilution for immunoblot-
ting).

Colony assays

About 103 LNCaP-AI stable PCAT1-knockdown cells and
103 LNCaP-AI stable shSCR cells were seeded in six-well
plate, with three replicates. At week 3, colonies were stained
with 0.5% crystal violet, imaged and counted.

RNA pull-down assay

RNA pulldown was performed with Pierce™ Magnetic
RNA-Protein Pull-Down Kit (Thermo Scientific) follow-
ing the manufacturer’s suggestions. LncRNA-PCAT1 were
in vitro transcribed from pReceiver-B02 Expression Clone,
and biotin-labeled with the Pierce™ RNA 3′ End Desthio-
biotinylation Kit (Thermo Scientific). Two hundred micro-
grams of whole-cell lysates from LNCaP-AI cells, FKBP51
and IKK� recombinant proteins were incubated with 50
pmol of purified biotinylated transcripts for 1 h at 4◦C with
rotation, respectively; complexes were isolated with strepta-
vidin magnetic beads (Thermo Scientific) and subjected to
standard immunoblot analysis.

RNA immunoprecipitation (RIP)

RNA immunoprecipitation (RIP) was performed using
107cells as described (32). Briefly, cells were harvested and
lysed in RIP Lysis Buffer (10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 100 mM KCl, 5

mM MgCl2, 0.5% NP-40, 1m M 1,4-Dithiothreitol (DTT),
5 mM PMSF, supplemented with protease inhibitors cock-
tail, RNase inhibitors and Panobinostat) for 5 min at 4◦C
and followed by centrifugation at 13 000 × g for 20 min. The
cleared supernatant was collected and protein concentra-
tion determined by BCA Assay. Meanwhile, 50 �l of Protein
A Sepharose Beads were coated by 4 �g of FKBP51 anti-
bodies or control IgG at 4◦C overnight, and 50 �l Protein A
Sepharose Beads were coated by 5 �g of GST antibodies at
4◦C overnight for GST-RIP assays. The coated Beads were
washed with Lysis Buffer and incubated with 500 �l of the
cell lysate, under moderate agitation overnight at 4◦C. In the
next day, RNA/beads complex with NT2 buffer was washed
five times and re-suspended in NT2 buffer supplemented
with RNase-free DNase and Proteinase K. The RNA was
isolated using TRZol kit (Invitrogen) according to the man-
ufacturer’s protocol, cDNA was synthesized and subjected
to RT-PCR analysis.

Immunoprecipitation (IP) and immunoblot analysis

Cells were incubated with lysis buffer (5 mM HEPES, pH
7.4, 150 mM NaCl, 1% Triton X-100, 10 mM glycerol, 1
mM ethylenediaminetetraacetic acid, 2 mM Na3VO4, 5 mM
PMSF) for 30 min at 4◦C and followed by centrifugation for
15 min at 13 000 rpm. Protein concentration of the lysates
was determined by BCA Assay. For each experiment, 500
�g of protein was combined with 2–3 �g FKBP51 anti-
bodies (Abcam, ab46002) and incubated under moderate
agitation overnight at 4◦C, followed by incubation for an
additional 2 h after adding 50 �l of protein A Sepharose
beads. Beads were collected with the magnet and washed
five times with lysis buffer, and resuspended in 2× SDS sam-
ple buffer. Following boiling for 5 min, immunoprecipitates
were subjected to SDS-PAGE and standard immunoblot-
ting process.

Immunohistochemistry (IHC)

FFPE sections of 5 �m thickness were prepared on charged
glass slides. After deparaffinization and rehydration, slides
were immersed in 10 mM citrate buffer (pH 7.5) and mi-
crowaved at 750 W for 30 min for antigen retrieval. Endoge-
nous peroxidase activity was blocked by adding 3% hydro-
gen peroxide. The sections were incubated with diluted an-
tibodies followed by polymerconjugated horseradish perox-
idase in a humidified chamber. Standard DAB staining was
performed for chromogenic detection of the IHC targets.

Cell growth assay

Cell growth was monitored by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphe-nyltetrazolium bromide proliferation assay.
Each experiment was performed in triplicate and repeated
at least three times.

Immunofluorescence staining (IF) and RISH assay

Cells were grown on cover glasses and fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for
10 min. After permeabilizition with 0.2% Triton X-100 for



Nucleic Acids Research, 2019, Vol. 47, No. 8 4215

10 min and incubation with blocking buffer (PBS with 5%
bovine serum albumin) for 20 min, the cells were incubated
with PCNA antibody (Cell Signaling Technology, #2586)
overnight at 4◦C, and then with Alexa-Fluor-labeled don-
key anti-goat antibody or donkey anti-rabbit antibody at
room temperature for 2 h. Cell nucleus was stained with
4′,6-diamidino-2-phenylindole (DAPI). The stained cover
glasses were mounted on standard slides and examined un-
der Olympus FV1000D microscope.

The RISH probe targeting PCAT1 was designed and
synthesized by Advanced Cell Diagnostics (Newark, CA,
USA), and detection of PCAT1 expression was performed
using the RNAscope 2.5 (HD)-BROWN Assay (Advanced
Cell Diagnostics) in accordance with the manufacturer’s
instructions. For animal studies, specific RISH signal was
identified as punctate dots, and expression of PCAT1 was
quantified according to Rohit Mehra et al. (33) and Yajia
Zhang et al. (34): ≤1 dot per 10 cells = 0, 1 to 3 dots per cell
= 1, 4 to 9 dots per cell (few or no dot clusters) = 2, 10 to 14
dots per cell (<10% in dot clusters) = 3 and greater than 15
dots per cell (more than 10% in dot clusters) = 4. For each
tissue sample, a cumulative RISH product score was calcu-
lated as the sum of the individual products of the expression
level (0–4) and percentage of cells (0–100) (i.e. [A% × 0] +
[B% × 1] + [C% × 2] + [D% × 3] + [E% × 4]; total range
= 0–400). For each tissue sample, the RISH product score
was averaged across three random fields.

Bioinformatics analysis

The binding propensity of FKBP51 protein and lncRNA
PCAT1 pairs was estimated via algorithms supplied by
catRAPID and prediction of lncRNA–protein interactions
(35–37). The catRAPID omics module, catRAPID signa-
ture module and catRAPID fragments module were used
to predict RNA-binding regions of FKBP51 proteins and
the interaction between FKBP51 protein and lncRNA-
PCAT1. Computational prediction of associations between
FKBP51 protein and lncRNA-PCAT1 was also used to
generate a predicted value (38).

Statistical analysis

Overall survival and recurrence-free survival trends and
curves were calculated by the Kaplan–Meier method, and
differences were evaluated using the log-rank test. Summary
data were expressed as mean ± S.D. The Student’s t and
ANOVA tests were used to compare experimental groups.
A P value of ≤0.05 (two-sided) was considered to indicate a
statistically significant difference. All statistical analysis was
performed with SPSS 22 statistical software (SPSS, IBM
Corporation, Armonk, NY, USA).

RESULTS

LncRNA PCAT1 expression is correlated with prostate can-
cer progression and development of castration resistance

A number of recent studies implicated a role of lncRNA
PCAT1 in post-transcriptional regulation of key can-
cer genes (16,25,39,40). However, the clinical relevance
of PCAT1 expression in prostate cancer progression and

castration-resistance remains largely unexplored. We re-
trieved public TCGA datasets from cBioPortal (26,27) and
evaluated PCAT1 gene alterations in relation to recurrence-
free survival data on 492 PCa patients (Supplementary Ta-
ble S1) as well as overall survival data on 498 PCa patients
(Supplementary Table S2). We found that PCa patients with
PCAT1 gene amplification had worse recurrence-free and
overall survival, respectively (Figure 1A and B), when com-
pared to patients without PCAT1 amplification (inclusive
of patients with normal copies or deletion of the PCAT1
locus). We further evaluated the RNA-seq data (FPKM
value) from the TCGA androgen-sensitive PCa (ADPC) pa-
tients (n = 498) and CRPC patients from the SU2C/PCF
Dream Team Study (n = 118) (Supplementary Table S3)
(41). Although these clinical specimens demonstrated large
variations in PCAT1 expression, PCAT1 expression was sig-
nificantly higher in CRPC patients when compared with
ADPC patients (Figure 1C). To further validate the data
from the public domain, we performed RNA in situ hy-
bridization (RISH) on CRPC (n = 5) and ADPC specimens
(n = 5) collected in our institution. RISH results confirmed
significantly higher PCAT1 levels in CRPC specimens (Fig-
ure 1D). The RISH results were consistent with RT-PCR
findings that also confirmed higher expression of PCAT1
in the CRPC tissues (n = 6) when compared with ADPC
tissues (n = 8) (Figure 1E).

To further evaluate the role of PCAT1 in castration-
resistant growth of PCa, we generated and characterized
an androgen-independent LNCaP-AI cell line by long-term
culture of androgen-dependent LNCaP cells in RPMI-1640
medium containing charcoal-stripped serum (Figure 1F
and Supplementary Figure S1A–C). The approach used to
generate the line (Figure 1F) mimics the castration resistant
condition for treating PCa (42,43), supporting the relevance
of the LNCAP-AI cell line to CRPC. We conducted dif-
ferential expression analysis of lncRNAs between LNCaP-
AI cells and their parental LNCaP cells, and found that
PCAT1 was significantly upregulated in LNCaP-AI cells
(>2.0-fold) (Figure 1G). Results from qRT-PCR confirmed
higher expression of lncRNA-PCAT1 in LNCaP-AI cells
when compared to LNCaP cells (Figure 1H). Taken to-
gether, results from Figure 1A–H suggest that expression of
lncRNA-PCAT1 is positively associated with CRPC pro-
gression.

lncRNA PCAT1 activates AKT and NF-�B signaling in
CRPC

Given the putative role of lncRNA PCAT1 in CRPC, we ex-
amined the mRNA expression profiles in LNCaP-AI cells
after knockdown of lncRNA-PCAT1 with shRNA. Strik-
ingly, RNA-seq analysis revealed suppression of phospho-
inositide 3-kinase (PI3K)/AKT and NF-�B signal path-
ways downstream targets as a result of PCAT1 knockdown
(Figure 2A and Supplementary Table S4). AKT and NF-
�B signal pathways are known to be constitutively activated
in androgen-independent prostate cancer cell lines (44,45).
In our cell line models, we have confirmed increased AKT
and NF-�B p65 activities in the LNCaP-AI cell line when
compared with the parental LNCaP line (Supplementary
Figure S1D). To confirm the link between PCAT1 expres-
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Figure 1. LncRNA-PCAT1 expression is correlated with castration-resistant prostate cancer. (A) Kaplan–Meier curve of the recurrence-free survival rates
in prostate cancer patients with and without genetic amplification of PCAT1 (P = 0.021). Those without PCAT1 amplification included samples with deep
deletion (n = 3) as well as those without alteration of PCAT1. The Cancer Genome Atlas data were retrieved from cBioPortal. (B) Kaplan–Meier curve
of the overall survival rates in prostate cancer patients with and without genetic amplification of PCAT1 (P < 0.001). Those without PCAT amplification
included samples with deep deletion (n = 3) as well as those without alteration of PCAT1. The Cancer Genome Atlas data were retrieved from cBioPortal.
(C) Median expression of PCAT1 from two independent PCa patients’ RNA-seq data sets based on the value of FPKM. TCGA, The Cancer Genome
Atlas; ADPC, androgen dependent prostate cancer; CRPC, castration-resistant prostate cancer. In dot plots, the center line is the median, with each dot
depicting the FPKM value of each patient. The P value was determined by two-tailed t-tests. (D) RISH detection of PCAT1 expression in ADPC versus
CRPC. Left panel: representative images; right panel: statistical analysis of five ADPC patient specimens and five CRPC patient specimens. (E) RT-PCR
analysis of PCAT1 in fresh surgical specimens from patients with CRPC (n = 6) and ADPC (n = 8). GAPDH was used as a loading control. (F) Flowchart
showing establishment of the androgen-independent LNCaP-AI cell line. The androgen-independent LNCaP-AI cell line was generated by long-term
culture of androgen-dependent LNCaP cells in RPMI-1640 medium containing charcoal-stripped serum. LNCaP-AD, Androgen-dependent LNCaP cell
line; LNCaP-AI, Androgen-independent LNCaP cell line. P, passage. (G) Scatter plots of lncRNAs significantly upregulated (blue) or downregulated
(orange) in LNCaP-AI compared to LNCaP cells. X and Y axes are normalized signal values (log2 scaled) for each gene, with PCAT1 labeled by a red
plot. (H) qRT-PCR detection of PCAT1 expression in LNCaP and LNCaP-AI cell lines, normalized by the level of GAPDH. A P-value of <0.05 was
considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001.
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Figure 2. PCAT1 regulates AKT and NF-�B signaling pathways. (A) Heat map of key genes regulated positively by AKT or NF-�B signal pathways.
These genes have decreased expression in PCAT1 depleted LNCaP-AI cells (P < 0.05). RNA-Seq data are displayed with log2 scaled FPKM (fragments
per kilobase of transcript per million mapped reads) values for each gene in each sample. The gene names and other details for each specific gene were
shown in Supplementary Table S4. (B) RT-PCR detection of PCAT1 and IB detection of indicated proteins in LNCaP-AI cells transfected with PCAT1
siRNAs. GAPDH was used as a loading control. (C) RT-PCR detection of PCAT1 and IB detection of AKT and NF-�B signaling molecules in C4-2
cells transfected with PCAT1 shRNAs. GAPDH was used as a loading control. (D) RT-PCR detection of PCAT1 in LNCaP-AI cell line with PCAT1
overexpression and IB detection of AKT and NF-�B signaling molecules. GAPDH was used as a loading control. (E) RT-PCR detection of PCAT1 in
C4-2 cell line with PCAT1 overexpression and western blotting analysis of indicated proteins expression in PCAT1-overexpressed C4-2 cells. GAPDH was
used as a loading control.



4218 Nucleic Acids Research, 2019, Vol. 47, No. 8

sion and activation of the AKT and NF-�B pathways, we
further tested the expression of phosphorylated AKT (p-
AKT), phosphorylated NF-�B p65 (p-NF-�B), caspase-3
(46,47) and B-cell lymphoma 2 (Bcl-2) (48–50) after siRNA
knockdown of PCAT1 in LNCaP-AI cells. Depletion of
PCAT1 resulted in a significant decrease of phosphorylated
AKT, phosphorylated NF-�B p65 and Bcl-2 proteins, as
well as increased caspase-3 protein levels (Figure 2B) with-
out affecting the total protein levels, further confirming the
inhibition of AKT and NF-�B signal pathways by PCAT1
knockdown. Similar results were observed in the C4-2 cell
line, in which stable knockdown of PCAT1 resulted in a de-
crease of phosphorylated AKT and NF-�B p65 without al-
tering the total AKT and NF-�B p65 protein levels (Figure
2C). We then evaluated the effect of PCAT1 overexpression
in these cell lines. PCAT1 overexpression in LNCaP-AI and
C4-2 cell lines further increased the levels of p-AKT and p-
NF-�B p65 without affecting total AKT and NF-�B p65
levels (Figure 2D and E). These findings consistently sup-
port a role of PCAT1 in the activation of AKT and NF-
�B signal pathways in CRPC by increasing phosphoryla-
tion level of AKT and NF-�B p65.

lncRNA PCAT1 interacts with FKBP51 that mediates AKT
and NF-�B signaling

A previous study revealed that dephosphorylation of p-
AKT at S473 by phosphatase PHLPP requires FK506-
binding protein 51 (FKBP51). In this process, FKBP51 pro-
tein acted as a scaffolding protein for the interaction be-
tween AKT and PHLPP to exert negative role for AKT sig-
naling (51). FKBP51 is also known to interact with the nu-
clear factor I�B kinase � subunit (IKK�) to activate NF-
�B signaling (52–55). Given the established interaction of
FKBP51 with PHLPP and IKK�, we sought to dissect the
mechanistic role of PCAT1 in AKT and NF-�B signaling by
focusing on the interaction between lncRNA PCAT1 and
FKBP51.

We first evaluated the possible interaction between
PCAT1 and FKBP51 through bioinformatic approaches.
Interestingly, among the 245 upregulated lncRNAs (Fold
change > 2.0-fold, P < 0.01) in our lncRNA array data
(Supplementary Table S5), only two lncRNAs, one of which
was PCAT1, were predicted by the catRAPID omics mod-
ule to interact with FKBP51 (Figure 3A and Supplemen-
tary Table S5). Results from catRAPID signature, an al-
gorithm module in catRAPID server, revealed an over-
all FKBP51/PCAT1 interaction score of 0.78 (Figure 3B).
Next, catRAPID fragments, another algorithm based on
individual interaction propensities of polypeptide and nu-
cleotide sequence fragments, further revealed that the 1093–
1174 and 1249–1369 nucleotide positions of the PCAT1 se-
quence may bind to the 251–302 amino acid residues of the
FKBP51 protein with high propensities (Figure 3C). The
potential PCAT1/FKBP51 interaction is further supported
by the matrix multiplication analysis showing a high score
of 91.0624 for the interacting RNA–protein pairs (Supple-
mentary Figure S1E) (38). Interestingly, the predicted in-
teraction domain overlapped with the C-terminal tetratri-
copeptide repeat (TPR) domains of the FKBP51 protein

(56) that was previously implicated in FKBP51/PHLPP in-
teraction (51).

To confirm the PCAT1/FKBP51 interaction biochemi-
cally, we performed RNA pull-down assay using in vitro-
transcribed biotinylated PCAT1 RNA and detected bind-
ing between PCAT1 and FKBP51 as well as IKK� proteins
in LNCaP-AI cells, even under high stringency wash con-
ditions (Figure 3D). However, PCAT1 did not bind to the
PHLPP protein in LNCaP-AI cells (Figure 3D), suggesting
that the PCAT1/FKBP51/IKK� complex may not include
the PHLPP protein. RNA-binding protein immunoprecipi-
tation (RIP) assay further confirmed the PCAT1/FKBP51
interaction in LNCaP-AI cells (Figure 3E). Knockdown of
PCAT1 did not affect FKBP51, IKK� and PHLPP protein
levels (Figure 3F).

LncRNA–PCAT1–FKBP51 interaction reconfigures
FKPB51–IKK�–PHLPP protein complex in CRPC

Given that the predicted PCAT1/FKBP51 interaction
domain involves the C-terminal tetratricopeptide repeat
(TPR) domains of the FKBP51 protein known to interact
with PHLPP, PCAT1 may compete with PHLPP to inter-
act with FKBP51. We evaluated FKPB51/IKK�/PHLPP
protein interactions to determine whether these interactions
differ in androgen-sensitive and androgen-independent cell
lines. Immunoprecipitation (IP) and immunoblot (IB) re-
sults showed that while FKBP51/ IKK� interactions did
not change in the ADPC and CRPC cell lines, the PHLPP
protein binds to FKBP51 proteins specifically in LNCaP
and LNCaP-AD (P30) cells, but not in LNCaP-AI cells
that have higher PCAT1 expression (Figure 4A), suggest-
ing PHLPP is displaced by PCAT1 in the absence of an-
drogen. Knockdown of PCAT1 in LNCaP-AI cells restored
FKBP51/PHLPP protein interaction (Figure 4B). Knock-
down of PCAT1 also weakened FKBP51/IKK� interaction
(Figure 4B), though lack of PCAT1 had minimal effect on
the expression of FKBP51, PHLPP and IKK� (Figure 3F).
Knockdown of PHLPP, however, resulted in elevated p-NF-
�B p65 (Figure 4C).

Further confirmation of PCAT1/FKBP51 interaction

To further confirm the specific sites of PCAT1/FKBP51
interaction predicted by bioinformatic analysis, PCAT1-
truncated mutant (PCAT1-MUT) (�1001–1400bp) (Sup-
plementary Figure S1F) was created and transfected into
LNCaP-AI cells. In contrast to the wild-type PCAT1 (Fig-
ure 2D), PCAT1-MUT had minimal effect on AKT sig-
naling and its downstream targets, including phosphory-
lated 4E-BP1 (p-4E-BP1 (Thr37/46)) and phosphorylated
Erk1/2 (p-Erk1/2 (Thr202/Thr204)) (Supplementary Fig-
ure S1G). In addition, NF-�B signaling and the expres-
sion of its downstream gene, c-Myc, were not elevated
in PCAT1-MUT overexpressed LNCaP-AI cells (Supple-
mentary Figure S1G). These results suggested that mutant
PCAT1 had no impact on AKT and NF-�B signaling, con-
firming the importance of the FKBP51 interaction medi-
ated by the predicted PCAT-1 interaction sequences.

Next, GST-tag (GST), GST-tagged full-length FKBP51
(GST-FKBP51-WT) and GST-tagged FKBP51-truncated
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Figure 3. Bioinformatic identification and biochemical characterization of PCAT1-associated proteins. (A) Commonly upregulated (fold change > 2.0-
fold, P < 0.01) lncRNAs (n = 245) in our Arraystar Human LncRNA Microarray V3.0 data (details in Supplementary Table S5) and possible lncRNAs
(n = 92) interacted with FKBP51 protein predicted by the catRAPID omics module. (B) CatRAPID signature module prediction of the RNA-binding
propensity for FKBP51 protein followed by prediction of RNA-binding regions. Overall interaction scores above 50% indicate propensity to bind. (C)
CatRAPID fragments module prediction of the interaction profile and matrix between FKBP51 protein and PCAT1. (D) IB detection of proteins retrieved
by in vitro-transcribed desthiobiotinylated PCAT1 from LNCaP-AI cell lysates. (E) RIP detection of the interaction between FKBP51 and PCAT1 by
FKBP51 antibody in LNCaP-AI cells. The level of PCAT1 was determined by qRT-PCR and normalized by the input levels. A P-value of <0.05 was
considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001. (F) RT-PCR detection of PCAT1 in LNCaP-AI cell line
after PCAT1 knockdown and IB detection of FKBP51, IKK� and PHLPP proteins expression after transfection with lentiviruses carrying PCAT1 shRNA
in LNCaP-AI cells.

mutant (GST-FKBP51-MUT) (�251–390AA) (Supple-
mentary Figure S1H) were created and transfected into
LNCaP-AI cells with both endogenous PCAT-1 and trans-
fected PCAT1-MUT (LNCaP-AI PCAT1-MUT), allowing
assessment of interaction between the wild-type and mutant
PCAT1/FKBP51 in the same cellular context (Figure 4D).
RIP assays performed with GST-tag antibody confirmed in-
teraction of wild-type FKBP51 with the wild-type PCAT1
only, and no interaction was detected between the mutant

FKBP51 or PCAT1 with the respective wild-type partners,
further confirming the essential role of the specific binding
sites in PCAT1/FKBP51 interaction (Figure 4D).

To rescue the effect PCAT-1 silencing, PCAT1 and
PCAT1-MUT were transfected into LNCaP-AI shPCAT1
cells respectively, and FKBP51/IKK�/PHLPP interac-
tions were evaluated by IP and IB assays. Efficiency of
PCAT1 and PCAT1-MUT overexpression was validated
by RT-PCR results (Figure 4E). IP and IB results re-
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Figure 4. PCAT1/FKBP51 interaction perturbs FKPB51/IKK�/PHLPP protein complex in CRPC. (A) IP and IB detection of FKBP51/IKK� and
FKBP51/PHLPP interactions in LNCaP cells, LNCaP-AD P30 cells and LNCaP-AI cells. LNCaP-AD, Androgen-dependent LNCaP cell line; LNCaP-
AI, Androgen-independent LNCaP cell line. (B) IP and IB detection of FKBP51/IKK� and FKBP51/PHLPP interactions in LNCaP-AI cells trans-
fected with indicated siRNAs. (C) Western blotting analysis of indicated proteins in LNCaP cells with PHLPP knockdown via PHLPP siRNAs. (D)
Lack of PCAT1/FKBP51 interaction involving the truncation mutants. GST-tag (GST), GST-tagged full-length FKBP51 (GST-FKBP51-WT) and GST-
tagged FKBP51 truncated mutant (GST-FKBP51-MUT) (�251–390AA) were transfected into PCAT1-MUT overexpressed LNCaP-AI cells (LNCaP-
AI PCAT1-MUT). RIP assays were performed with the GST-tag antibody, and the levels of PCAT1 and PCAT1-MUT were determined by RT-PCR.
PCAT1-MUT, PCAT1 truncated mutant (�1001–1400bp). (E) Overexpression of PCAT1, but not the mutant PCAT1, rescues the effect of PCAT1 si-
lencing. PCAT1-truncated mutant (PCAT1-MUT) (�1001–1400bp) and wild-type PCAT1 were transfected into LNCaP-AI shPCAT1 stable cell line, and
expression of PCAT1 and PCAT1-MUT were detected by RT-PCR (upper panel). FKBP51/IKK� and FKBP51/PHLPP interactions were determined in
these cells by IP and IB assays. (F) A model for PCAT1-mediated activation of AKT and NF-�B signal pathways by perturbing FKPB51/IKK�/PHLPP
protein complex in the progression from ADPC to CRPC after androgen deprivation therapy.

vealed that FKBP51/PHLPP interactions were abolished
and FKBP51/ IKK� interactions were strengthened by
PCAT1 overexpression, but these interactions were not af-
fected by PCAT1-MUT overexpression (Figure 4E). There-
fore, expression of wild-type PCAT-1, but not PCAT1-
MUT, rescued the effect of PCAT-1 silencing (Figure 4E).

Proposed model for PCAT1 in regulation of the FKPB51–
IKK�–PHLPP protein complex

Therefore, our collective data support a model in which
PCAT1/FKBP51 complex in CRPC accelerates the re-
cruitment of IKK� with less obstruction compared
with the PHLPP/FKBP51 complex in ADPC (see de-
tailed mechanistic diagram in Figure 4F). With com-
petitive inhibition of interaction between FKBP51 and
PHLPP in CRPC, PCAT1 binds to FKBP51 directly
to relieve the negative regulation of AKT signaling by
PHLPP, and PCAT1/FKBP51 binding further stabilizes
FKBP51/IKK� complex leading to increased NF-�B sig-
naling (Figure 4F).

LncRNA PCAT1 mediates cell growth in castration-resistant
cell lines

To further investigate the biological function of
PCAT1/FKBP51 in CRPC, we first used shRNA to
knock down PCAT1 in the LNCaP-AI and C4-2 cell lines
(Figure 5A). Knockdown of PCAT1 in these androgen-
independent cell lines resulted significant inhibition of
cell growth (Figure 5A). Consistent with the results in
Figure 5A, colony assays also suggested the inhibition of
cell growth in LNCaP-AI cells after PCAT1-knockdown
(Supplementary Figure S1I). Conversely, significantly
increased cell growth was detected in the same cell lines
after PCAT1 overexpression (Figure 5B). The functional
impact of PCAT1 in androgen-independent cell growth was
further confirmed using another growth assay involving
immunofluorescence (IF) analysis of PCNA. Confocal
Laser Scanning Microscope (CLSM) results for the PCNA
IF assay revealed that knockdown of PCAT1 in LNCaP-AI
and C4-2 (Figure 5C, E and G) cells led to a marked de-
crease of PCNA positive rates, while the Hoechst33258-PI
staining assay demonstrated a significant increase in the
percentage of apoptotic cells after knockdown of PCAT1



Nucleic Acids Research, 2019, Vol. 47, No. 8 4221

Figure 5. PCAT1 functions through the PCAT1/FKBP51/IKK� complex to promote CRPC progression. (A) MTT assays in LNCaP-AI and C4-2
cells infected with lentiviruses carrying shPCAT1. Left panel: qRT-PCR detection of PCAT1 expression after transfection with shPCAT1; right panel: cell
growth assessed daily for 3 days using an MTT assay. Data were obtained from three independent experiments with samples in triplicate. One-way analysis of
variance (ANOVA) and paired Student’s t-test was carried out using SPSS 22 statistical software. A P-value of <0.05 was considered significant. *represents
P < 0.05, **represents P < 0.01 and ***represents P < 0.001. (B) MTT assays in LNCaP-AI and C4-2 cells infected with lentiviruses overexpressing PCAT1.
Left panel: qRT-PCR detection of PCAT1 expression after overexpression of PCAT1; right panel: cell growth was assessed daily for 3 days using an MTT
assay. A P-value of <0.05 was considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001. (C) Immunofluorescence
assays in PCAT1-deficient LNCaP-AI cells. For each group, representative images were randomly chosen under fluorescent microscopy with 200-fold
magnification. (D) Hoechst33258-PI Staining assays in PCAT1-deficient LNCaP-AI cells. For each group, representative images were randomly chosen
under fluorescent microscopy with 200-fold magnification. (E) Immunofluorescence assays in PCAT1-deficient C4-2 cells. For each group, representative
images were randomly chosen under fluorescent microscopy with 200-fold magnification. (F) Hoechst33258-PI Staining assays in PCAT1-deficient C4-2
cells. For each group, representative images were randomly chosen under fluorescent microscopy with 200-fold magnification. (G) Statistical analysis of
Figure 5C–F. A P-value of <0.05 was considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001. (H) IB detection
of FKBP51 and MTT assay detection of cells growth after FKBP51 knocked down in PCAT1 overexpressed LNCaP-AI cells. A P-value of <0.05 was
considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001.
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Figure 6. Preclinical studies targeting the lncRNA PCAT1 in a CRPC animal model. (A and B) Suppression of CRPC tumor growth in animals treated with
PCAT1 shRNA (n = 4) versus scrambled shRNA (n = 4) for 6 days. Tumor sizes were measured for 6 days (A), at the time of tumor removal (B). A P-value
of <0.05 was considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001. (C) RISH detection of PCAT1 expression
in the two indicated groups of mouse tumor specimens. For each group, six different fields were randomly chosen and counted under microscopy with
400-fold magnification. Representative images and statistical analysis are shown. Evaluation not blinded. A P-value of <0.05 was considered significant.
*represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001. (D) IHC staining of Ki67, p-AKT (Ser473), p-NF-�B p65 (Ser536) and indicated
proteins in the two indicated groups of mouse tumor specimens. For each group, six different fields were randomly chosen and counted under microscopy
with 400-fold magnification. Representative images and statistical analysis are shown. Positive rate (%) = number of positive cells/ number of total cells ×
100%. Evaluation not blinded. A P-value of <0.05 was considered significant. *represents P < 0.05, **represents P < 0.01 and ***represents P < 0.001.

in the LNCaP-AI and C4-2 (Figure 5D, F and G). While
PCAT1 overexpression led to increased cell growth in
LNCaP-AI cells (Figure 5B), knockdown of FKBP51 in
these cells reversed the cell growth conferred by PCAT1
overexpression (Figure 5H), further supporting a critical
role of PCAT1/FKBP51 interaction. And overexpres-
sion of PCAT1 was not altered by FKBP51-knockdown
(Supplementary Figure S1J).

Suppression of CRPC progression by targeting lncRNA
PCAT1 in a preclinical mouse model

To explore the potential of targeting lncRNA PCAT1 in
CRPC, we employed lentiviral injection into CRPC tu-
mor xenografts. LNCaP-AI cells were xenografted into 6-
week-old immunocompromised severe combined immun-
odeficiency (SCID) male mice (n = 8). The control set (n
= 4) was injected with lentiviruses carrying control shRNA,
while the treatment set (n = 4) was injected with lentiviruses
carrying lncRNA-PCAT1 shRNA. Injections were carried
out daily for 6 days. Knockdown of lncRNA PCAT1 dur-
ing this short-term treatment period led to a significant de-

crease in the growth of the LNCaP-AI tumors (Figure 6A
and B).

The efficiency of knockdown for PCAT1 was validated
by RISH in the two sets of tumors (Figure 6C). In addition,
the protein expression of Ki67, p-AKT, p-NF-�B p65 and
AKT or NF-�B signaling downstream genes is significantly
down-regulated in the treated animals when compared to
the control animals (Figure 6D), suggesting on-target effect
of PCAT1 knockdown consistent with in vitro cell-line find-
ings.

DISCUSSION

Previous studies implicated a role of lncRNA PCAT1 in
multiple cancers. Prensner et al. built a computational
framework for large-scale lncRNA analyses and described
the active role of PCAT1 in promoting cell proliferation,
with 370 downstream genes altered by PCAT1 involved in
PCa progression (16). Shen et al. reported the potential
significance of PCAT1 in auxiliary diagnosis of multiple
myeloma due to elevated levels of serum lncRNA-PCAT1
(57). Bi et al. showed higher expression of PCAT1 in gas-
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tric cancers with poor prognosis, and inhibition of cell pro-
liferation and invasion via regulating CDKN1A following
PCAT1 knockdown (20). Wen et al. found that upregula-
tion of PCAT1 increased cell proliferation and inhibited
apoptosis in hepatocellular carcinoma (21). Zhao et al. de-
termined the oncogenic role in non-small cell lung cancer
progression (22). Clinical correlation between PCAT1 and
cancer progression was also reported in a number of can-
cers (17,25,58,59). None of these previous studies, how-
ever, investigated the role of PCAT1 in a setting relevant
to castration therapy that is the mainstay of prostate cancer
treatment. To the best of our knowledge, the present study
demonstrated for the first time a role of PCAT1 in promot-
ing castration-resistant prostate cancer progression.

Our results are in agreement with previous studies con-
sistently establishing PCAT1 as a lncRNA promoting can-
cer progression. Of importance, our novel findings revealed
the molecular mechanisms underlying the role of PCAT1 in
CRPC progression, particularly its role in regulating AKT
and NF-�B signaling. Mulholland et al. (13) reported that
prostate cancer driven by PTEN loss progressed through
compensatory signaling pathways following androgen with-
drawal or AR-targeted therapies. Carver et al. (14) reported
reciprocal feedback regulation of PI3K and AR signaling
in PTEN-deficient prostate cancers. Because PTEN is most
commonly deleted tumor suppressor gene and AR is the
most important therapeutic target in prostate cancer, these
studies established the therapeutic importance of dissect-
ing the relevant pathways. FKBP51 is androgen-responsive
gene demonstrating decreased gene expression immediately
following castration, leading to reduced PHLPP activity
(which requires FKBP51 as a scaffolding protein), phos-
phorylation of AKT (S473) and activation of AKT signal-
ing. The present study uncovered a critical role of PCAT1
in the interplay between AKT signaling and AR signal-
ing. PCAT1 enhances AKT and NF-�B signaling to pro-
mote CRPC progression by displacing PHLPP, analogous
to AKT activation resulting from AR inhibition reported
in Carver et al. (14). In addition, we showed that PCAT1
competitively inhibited the binding of PHLPP to FKBP51,
and facilitated the binding of IKK�-FKBP51 to enhance
NF-�B signaling in CRPC.

One limitation of the study is the uncharacterized role
of PCAT1 in CRPC cells with a functional PTEN due to
our focus on cells with deficient PTEN. Prensner et al. re-
ported that knockdown of PCAT1 resulted in a decrease
of cell proliferation in normal LNCaP cells, and overex-
pression of PCAT1 in RWPE and Du145 cells resulted
in increased cell proliferation (16,25,58). Interestingly, the
PTEN-positive Du145 cells were not inhibited after knock-
down of PCAT1 (16). The critical role of PCAT1 in regulat-
ing PHLPP/FKBP51/IKK� complex in CRPC with func-
tional PTEN versus deficient PTEN warrants further inves-
tigation.

While our data support that PCAT1 expression is func-
tionally essential for CRPC progression in our experimental
models, another limitation of the study is lack of data sup-
porting PCAT1 as an independent driver of androgen in-
dependence. PCAT1 overexpression may be a consequence
of other changes in CRPC cells, and may be transcriptional
regulated by other key drivers involved in CRPC progres-

sion. For example, Prensner et al. reported that the expres-
sion of PCAT1 was subject to regulation by PRC2 in VCaP
cells (16). As such, whether PCAT1 expression alone is
sufficient to drive CRPC progression remains uncharacter-
ized. Nevertheless, our study findings demonstrated a novel
role of PCAT1 with potential therapeutic implications for
CRPC.

In summary, our study uncovered a critical role of
lncRNA PCAT1 in CRPC. The PCAT1/FKBP51 and
FKBP51/IKK� interactions that mediate AKT and NF-
kB signaling may be regulated by PCAT1 expression. In this
process, FKBP51 acts as a scaffolding protein regulating the
function of PHLPP and IKK� that are perturbed by altered
expression of PCAT1. This newly dissected process is rele-
vant to CRPC because AR targeting changes the expression
of FKBP51 and PCAT1. Study findings support future ef-
forts in clinical development of PCAT1 as a therapeutic tar-
get and also a potential biomarker for castration-resistance
prostate cancer.

DATA AVAILABILITY

GEO accession ID for the array data is GSE124291. GEO
accession ID for the RNA-seq data is GSE124519.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

FUNDING

National Natural Science Foundation of China [81872100,
81772756]; Natural Science Foundation of Tianjin
[17JCZDJC35300, 18JCZDJC34800]; Postgraduate Inno-
vation Fund of ‘13th Five-Year comprehensive investment’,
Tianjin Medical University [YJSCX201810]. Funding for
open access charge: National Natural Science Foundation
of China.
Conflict of interest statement. None declared.

REFERENCES
1. Siegel,R., Ma,J., Zou,Z. and Jemal,A. (2014) Cancer statistics, 2014.

CA Cancer J. Clin., 64, 9–29.
2. Ferlay,J., Steliarova-Foucher,E., Lortet-Tieulent,J., Rosso,S.,

Coebergh,J.W., Comber,H., Forman,D. and Bray,F. (2013) Cancer
incidence and mortality patterns in Europe: estimates for 40 countries
in 2012. Eur. J. Cancer, 49, 1374–1403.

3. Rastinehad,A.R., Turkbey,B., Salami,S.S., Yaskiv,O., George,A.K.,
Fakhoury,M., Beecher,K., Vira,M.A., Kavoussi,L.R., Siegel,D.N.
et al. (2014) Improving detection of clinically significant prostate
cancer: magnetic resonance imaging/transrectal ultrasound fusion
guided prostate biopsy. J. Urol., 191, 1749–1754.

4. Dickinson,L., Ahmed,H.U., Allen,C., Barentsz,J.O., Carey,B.,
Futterer,J.J., Heijmink,S.W., Hoskin,P.J., Kirkham,A., Padhani,A.R.
et al. (2011) Magnetic resonance imaging for the detection,
localisation, and characterisation of prostate cancer:
recommendations from a European consensus meeting. Eur. Urol.,
59, 477–494.

5. Hayes,J.H. and Barry,M.J. (2014) Screening for prostate cancer with
the prostate-specific antigen test: a review of current evidence. JAMA,
311, 1143–1149.

6. Welch,H.G. and Albertsen,P.C. (2009) Prostate cancer diagnosis and
treatment after the introduction of prostate-specific antigen
screening: 1986–2005. J. Natl. Cancer Inst., 101, 1325–1329.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz108#supplementary-data


4224 Nucleic Acids Research, 2019, Vol. 47, No. 8

7. Klotz,L. and Emberton,M. (2014) Management of low risk prostate
cancer-active surveillance and focal therapy. Nat. Rev. Clin. Oncol.,
11, 324–334.

8. McLeod,D.G. (2004) Success and failure of single-modality treatment
for early prostate cancer. Rev. Urol., 6, S13–S19.

9. Shen,M.M. and Abate-Shen,C. (2010) Molecular genetics of prostate
cancer: new prospects for old challenges. Genes Dev., 24, 1967–2000.

10. Pourmand,G., Ziaee,A.A., Abedi,A.R., Mehrsai,A., Alavi,H.A.,
Ahmadi,A. and Saadati,H.R. (2007) Role of PTEN gene in
progression of prostate cancer. Urol. J., 4, 95–100.

11. Reid,A.H., Attard,G., Ambroisine,L., Fisher,G., Kovacs,G.,
Brewer,D., Clark,J., Flohr,P., Edwards,S., Berney,D.M. et al. (2010)
Molecular characterisation of ERG, ETV1 and PTEN gene loci
identifies patients at low and high risk of death from prostate cancer.
Br. J. Cancer, 102, 678–684.

12. Brognard,J., Sierecki,E., Gao,T. and Newton,A.C. (2007) PHLPP
and a second isoform, PHLPP2, differentially attenuate the
amplitude of Akt signaling by regulating distinct Akt isoforms. Mol.
Cell, 25, 917–931.

13. Mulholland,D.J., Tran,L.M., Li,Y., Cai,H., Morim,A., Wang,S.,
Plaisier,S., Garraway,I.P., Huang,J., Graeber,T.G. et al. (2011) Cell
autonomous role of PTEN in regulating castration-resistant prostate
cancer growth. Cancer Cell, 19, 792–804.

14. Carver,B.S., Chapinski,C., Wongvipat,J., Hieronymus,H., Chen,Y.,
Chandarlapaty,S., Arora,V.K., Le,C., Koutcher,J., Scher,H. et al.
(2011) Reciprocal feedback regulation of PI3K and androgen
receptor signaling in PTEN-deficient prostate cancer. Cancer Cell, 19,
575–586.

15. Gasparian,A.V., Yao,Y.J., Kowalczyk,D., Lyakh,L.A., Karseladze,A.,
Slaga,T.J. and Budunova,I.V. (2002) The role of IKK in constitutive
activation of NF-kappaB transcription factor in prostate carcinoma
cells. J. Cell Sci., 115, 141–151.

16. Prensner,J.R., Iyer,M.K., Balbin,O.A., Dhanasekaran,S.M., Cao,Q.,
Brenner,J.C., Laxman,B., Asangani,I.A., Grasso,C.S.,
Kominsky,H.D. et al. (2011) Transcriptome sequencing across a
prostate cancer cohort identifies PCAT-1, an unannotated lincRNA
implicated in disease progression. Nat. Biotechnol., 29, 742–749.

17. Zhang,F., Wan,M., Xu,Y., Li,Z., Leng,K., Kang,P., Cui,Y. and
Jiang,X. (2017) Long noncoding RNA PCAT1 regulates extrahepatic
cholangiocarcinoma progression via the Wnt/beta-catenin-signaling
pathway. Biomed. Pharmacother., 94, 55–62.

18. Lin,Y., Ge,Y., Wang,Y., Ma,G., Wang,X., Liu,H., Wang,M.,
Zhang,Z. and Chu,H. (2017) The association of rs710886 in lncRNA
PCAT1 with bladder cancer risk in a Chinese population. Gene, 627,
226–232.

19. Cui,W.C., Wu,Y.F. and Qu,H.M. (2017) Up-regulation of long
non-coding RNA PCAT-1 correlates with tumor progression and
poor prognosis in gastric cancer. Eur. Rev. Med. Pharmacol. Sci., 21,
3021–3027.

20. Bi,M., Yu,H., Huang,B. and Tang,C. (2017) Long non-coding RNA
PCAT-1 over-expression promotes proliferation and metastasis in
gastric cancer cells through regulating CDKN1A. Gene, 626,
337–343.

21. Wen,J., Xu,J., Sun,Q., Xing,C. and Yin,W. (2016) Upregulation of
long non coding RNA PCAT-1 contributes to cell proliferation,
migration and apoptosis in hepatocellular carcinoma. Mol. Med.
Rep., 13, 4481–4486.

22. Zhao,B., Hou,X. and Zhan,H. (2015) Long non-coding RNA
PCAT-1 over-expression promotes proliferation and metastasis in
non-small cell lung cancer cells. Int. J. Clin. Exp. Med., 8,
18482–18487.

23. Yan,T.H., Yang,H., Jiang,J.H., Lu,S.W., Peng,C.X., Que,H.X.,
Lu,W.L. and Mao,J.F. (2015) Prognostic significance of long
non-coding RNA PCAT-1 expression in human hepatocellular
carcinoma. IInt. J. Clin. Exp. Pathol., 8, 4126–4131.

24. Liu,L., Liu,Y., Zhuang,C., Xu,W., Fu,X., Lv,Z., Wu,H., Mou,L.,
Zhao,G., Cai,Z. et al. (2015) Inducing cell growth arrest and
apoptosis by silencing long non-coding RNA PCAT-1 in human
bladder cancer. Tumour Biol., 36, 7685–7689.

25. Prensner,J.R., Chen,W., Han,S., Iyer,M.K., Cao,Q., Kothari,V.,
Evans,J.R., Knudsen,K.E., Paulsen,M.T., Ljungman,M. et al. (2014)
The long non-coding RNA PCAT-1 promotes prostate cancer cell
proliferation through cMyc. Neoplasia, 16, 900–908.

26. Gao,J., Aksoy,B.A., Dogrusoz,U., Dresdner,G., Gross,B.,
Sumer,S.O., Sun,Y., Jacobsen,A., Sinha,R., Larsson,E. et al. (2013)
Integrative analysis of complex cancer genomics and clinical profiles
using the cBioPortal. Sci. Signal., 6, pl1.

27. Cerami,E., Gao,J., Dogrusoz,U., Gross,B.E., Sumer,S.O.,
Aksoy,B.A., Jacobsen,A., Byrne,C.J., Heuer,M.L., Larsson,E. et al.
(2012) The cBio cancer genomics portal: an open platform for
exploring multidimensional cancer genomics data. Cancer Discov., 2,
401–404.

28. Cancer Genome Atlas Research Network (2015) The molecular
taxonomy of primary prostate cancer. Cell, 163, 1011–1025.

29. Robinson,D., Van Allen,E.M., Wu,Y.M., Schultz,N., Lonigro,R.J.,
Mosquera,J.M., Montgomery,B., Taplin,M.E., Pritchard,C.C.,
Attard,G. et al. (2015) Integrative clinical genomics of advanced
prostate cancer. Cell, 161, 1215–1228.

30. Mortazavi,A., Williams,B.A., McCue,K., Schaeffer,L. and Wold,B.
(2008) Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat. Methods, 5, 621–628.

31. Frazee,A.C., Pertea,G., Jaffe,A.E., Langmead,B., Salzberg,S.L. and
Leek,J.T. (2015) Ballgown bridges the gap between transcriptome
assembly and expression analysis. Nat. Biotechnol., 33, 243–246.

32. Dahm,G.M., Gubin,M.M., Magee,J.D., Techasintana,P., Calaluce,R.
and Atasoy,U. (2012) Method for the isolation and identification of
mRNAs, microRNAs and protein components of ribonucleoprotein
complexes from cell extracts using RIP-Chip. J Visual. Exp., 3851.

33. Mehra,R., Shi,Y., Udager,A.M., Prensner,J.R., Sahu,A., Iyer,M.K.,
Siddiqui,J., Cao,X., Wei,J., Jiang,H. et al. (2014) A novel RNA in situ
hybridization assay for the long noncoding RNA SChLAP1 predicts
poor clinical outcome after radical prostatectomy in clinically
localized prostate cancer. Neoplasia, 16, 1121–1127.

34. Zhang,Y., Pitchiaya,S., Cieślik,M., Niknafs,Y.S., Tien,J.C.,
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