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Abstract. Castration‑resistant prostate cancer (CRPC) is a 
major challenge in the treatment of prostate cancer (PCa). 
Phospholipase Cε (PLCε), an oncogene, has been found to be 
involved in the carcinogenesis, tumor proliferation and migra-
tion of several types of cancer. The effects, however, of PLCε 
on CRPC remains unclear. In the present study, the expres-
sion of PLCε and glioma‑associated homolog (Gli)‑1/Gli‑2 in 
benign prostatic hyperplasia (BPH), PCa and CRPC tissues 
and cells was investigated, and the correlations between PLCε 
and Gli‑1/Gli‑2 in CRPC tissues and cell lines were further 
explored. In addition, the effect of PLCε on cell proliferation 
and invasion was assessed in CRPC cell lines, and the sensi-
tivity of EN‑R and 22RV1 cells to enzalutamide following the 
downregulation of PLCε expression was determined using 
lentivirus‑mediated shPLCε and/or treatment with specific 
Gli inhibitor GANT61. It was found that the PLCε expression 
was excessively upregulated in the majority of CRPC tissues, 
and PLCε positivity was linked to poor progression‑free 
survival (PFS) and overall survival (OS) in patients with 
PCa. Furthermore, PLCε knockdown significantly suppressed 
CRPC cell proliferation and invasion. Of note, it was found that 

PLCε knockdown increased the sensitivity of CRPC cells to 
enzalutamide in vitro by suppressing androgen receptor (AR) 
activities via the non‑canonical Hedgehog/Gli‑2 and p‑STAT3 
signaling pathways. PLCε knockdown was shown to increase 
the sensitivity of CRPC cell xenografts to enzalutamide 
in vivo. Finally, the combination of PLCε knockdown with 
GANT61 significantly sensitized CRPC cells to enzalutamide. 
Collectively, the results of the present study suggest that PLCε 
is a potential therapeutic target for CRPC. 

Introduction

Prostate cancer (PCa) is one of the most common malig-
nant tumors of the male urinary system. Statistical analysis 
has shown that more than 250,000 men succumb to PCa 
worldwide, with at least 900,000 new cases each year (1). In 
China, the incidence and mortality rates of PCa are annu-
ally increasing and tend to affect younger individuals (2,3). 
Current treatments for PCa include surgical treatment and 
androgen deprivation therapy (ADT). However, almost all 
patients become resistant to long‑term treatment, developing 
castration‑resistant PCa (CRPC). CRPC is characterized by 
the increased activation and/or overexpression of androgen 
receptor (AR), resulting in the transcription of downstream 
target genes and tumor progression, despite castrate levels of 
androgen in the patient (4). Only a limited number of drugs can 
be effective once the tumor progresses to CRPC. Fortunately, 
enzalutamide is one of them. Enzalutamide is an AR inhibitor 
that competitively inhibits the binding of androgens to recep-
tors and hinders the nuclear transport of the AR and the 
interaction of the receptor with DNA. Although enzalutamide 
has achieved some good clinical results (5‑7), the subsequent 
drug resistance remains a challenge. It is therefore, neces-
sary to determine the mechanism of CRPC resistance to 
enzalutamide.

Phospholipase Cε (PLCε), a multifunctional signaling 
protein harboring both PLC and guanine nucleotide 
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exchange factor activities, was discovered by Song et al in 
2001  (8,9). As a member of the human phospholipase C 
family, PLCε has been identified as an oncogene involved 
in carcinogenesis, tumor proliferation and migration (10,11). 
Our previous study showed that PLCε knockdown inhib-
ited PCa cell proliferation via the PTEN/AKT signaling 
pathway (12). Furthermore, it was found that PLCε inhibited 
the biological behavior of PCa cells by downregulating 
AR  (13). Nonetheless, the role of PLCε in CRPC cells 
remains unknown. The aim of the present study was to 
explore the effect of PLCε on the proliferation of CRPC cells 
and determine whether PLCε can sensitize CRPC cells to 
the AR axis inhibitor, enzalutamide.

The Hedgehog (Hh) signaling pathway plays a critical 
role in the development and homeostasis of many organs 
and tissues. It consists of the Hh ligand (Shh, Ihh and Dhh), 
two transmembrane receptor complexes [patched (Ptch) and 
smoothened (Smo)], and the downstream transcription factor 
glioma‑associated homolog (Gli) family (Gli‑1, Gli‑2 and 
Gli‑3). Gli‑1 and Gli‑2 are responsible for most transcriptional 
activator functions, whereas Gli‑3 mainly acts as a repressor. 
Gli‑1 is a direct transcriptional target of the Hh signaling and 
a marker for pathway activity (14). Vismodegib and cyclopa-
mine are classic Hh signaling pathway inhibitors. Vismodegib 
blocks the biological activity of the Hh pathway. Since it 
binds to and hinders Smo, thus, preventing the systemic 
activation of the forward signaling, it has been used in the 
clinical treatment of basal cell carcinoma (15). Cyclopamine, 
a plant steroidal alkaloid that inhibits Smo, is a therapeutic 
strategy for PCa (16,17) and renal cell cancer (18). GANT61, 
a small molecule antagonist directly acting on downstream 
molecule Gli of the Hh signaling pathway, could interfere 
with cellular DNA binding of Glis (19). It has been reported 
that the Hh pathway is involved in PCa development, progres-
sion, treatment resistance (20,21) and epithelial‑mesenchymal 
transition (17). An increasing number of studies have reported 
that the Hh signaling pathway is associated with chemo-
therapeutic drug resistance in pancreatic cancer and other 
tumors (22‑24). In addition, there is a crosstalk between the 
Hh and AR signaling pathways in PCa cells (25,26). Since, 
however, the role of the Hh signaling pathway in CRPC cells 
is unclear, we hoped to determine whether it can regulate the 
drug sensitivity of CRPC cells to enzalutamide by interacting 
with the AR.

The aim of the present study was to assess whether PLCε 
and/or GANT61 can increase the sensitivity of CRPC cells 
to enzalutamide, and determine the interaction mechanism 
among PLCε, Gli and AR, so as to provide a better strategy 
for the clinical treatment of CRPC. In the present study, 
the expression of PLCε and Gli‑1/Gli‑2 in benign prostatic 
hyperplasia (BPH), PCa and CRPC tissues and cells was inves-
tigated. The correlation between the PLCε and Gli‑1/Gli‑2 in 
CRPC tissues and cell lines was also explored. Furthermore, 
the effect of PLCε on cell proliferation and invasion was 
assessed in CRPC cell lines, and the sensitivity of EN‑R and 
22RV1 cells to enzalutamide following the downregulation of 
PLCε expression was determined using lentiviral‑mediated 
shPLCε and/or treatment with specific Gli inhibitor GANT61. 
The results showed that the PLCε knockdown inhibits CRPC 
cell proliferation and invasion and sensitizes CRPC cells to 

enzalutamide by suppressing the AR expression and nuclear 
translocation. It was also shown that GANT61 combined 
with PLCε knockdown significantly sensitized CRPC cells to 
enzalutamide. These findings may provide a new therapeutic 
approach for CRPC.

Materials and methods

Patients and tissue samples. A total of 30 BPH tissue samples, 
64 PCa tissue samples and 27 CRPC tissue samples were 
obtained from patients who underwent needle biopsy, trans-
urethral resection of the prostate or radical prostatectomy at 
the Department of Urology of the First Affiliated Hospital of 
Chongqing Medical University, Chongqing, China between 
April 2010 and September 2015. Complete clinical data were 
available for all patients. All patients met the EAU guidelines 
for diagnostic criteria for BPH, PCa and CRPC. All tissue 
samples were reviewed by a pathologist for the confirma-
tion of BPH or PCa. The study was approved by the Ethics 
Committee of Chongqing Medical University, Chongqing, 
China. Informed consent was obtained from the patients or 
their family members.

Immunohistochemistry assay. All formalin‑fixed and 
paraffin‑embedded tissue samples were cut into 5‑µm‑thick 
sections. Immunohistochemical staining was performed using 
a standard immunoperoxidase staining procedure (anti‑PLCε; 
dilution 1:50; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA; anti‑Gli‑1, dilution 1:200 and anti‑Gli‑2, dilution 1:150; 
both were from Abcam, Cambridge, UK). The expression 
status of immunostaining was reviewed and scored based 
on the proportion of positive cells and staining intensity 
by a pathologist. Staining intensity was scored as follows: 
0 (no staining); 1 (light yellow); 2 (light brown); 3 (brown); and 
4 (deep brown). Immunoreactivity ratio was scored as follows: 
0 (0% immunoreactive cells), 1 (<5% immunoreactive cells), 
2 (5‑50% immunoreactive cells), 3 (>50‑75% immunoreactive 
cells) and 4 (>75% immunoreactive cells). The final immuno-
reactivity score was defined as the sum of both parameters. 
Final scores of ≤1 were regarded as negative expression, while 
scores of ≥2 were regarded as positive.

Cell culture, treatment and transfection. Human PCa cell 
lines LNCaP and 22RV1 were obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA), 
enzalutamide‑resistant (EN‑R) cells were generated as 
previously described (27). Briefly, the LNCaP cells, one of 
the androgen‑dependent PCa cell strains, were treated with 
enzalutamide (10  µM; Selleck Chemicals, Houston, TX, 
USA) for at least 6 months. 22RV1 and EN‑R cells represent 
CRPC cells. All the cell lines were cultured in RPMI‑1640 
medium supplemented with 10% fetal bovine serum (FBS; 
both from Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) and 1% penicillin/streptomycin (Beyotime Institute of 
Biotechnology, Haimen, China). Lentivirus‑shRNA targeting 
human PLCε (LV‑shPLCε, 5'‑GGT​TCT​CTC​CTA​GAA​GCA​
ACC‑3') and the negative control (LV‑shNC, 5'‑TTC​TCC​
GAA​CGT​GTC​ACG​T‑3') were purchased from Shanghai 
GenePharma Co., Ltd. (Shanghai, China). A PLCε shRNA 
sequence was inserted into a pGLV3/H1/GFP‑Puro lentivirus 
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vector. Puromycin (1 µg/ml) was used to screen the stable cell 
lines. Fluorescence expression was observed under a fluo-
rescence microscope (Olympus Corp., Tokyo, Japan) 3 days 
after lentiviral infection. The infected cells were cultured for 
one week for subsequent experiments. The PLC knockdown 
efficiency was assessed using RT‑qPCR and western blot 
analysis. The human Gli‑1 and Gli‑2 expression plasmids 
ad‑Gli1 and ad‑Gli2 containing full‑length of Gli‑1, Gli‑2 
and control vectors Gli1‑NC, Gli2‑NC were purchased from 
Shanghai GenePharma Co., Ltd. Transient transfection was 
performed using Lipofectamine 2000 transfection reagent 
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. Other reagents used in the present study 
were as follows: lipopolysaccharides (LPS; Merck KGaA, 
Darmstadt, Germany), GANT61 (MedChemExpress Co., Ltd., 
Shanghai, China).

Reverse transcription quantitative polymerase chain reaction 
(RT‑qPCR). RNA was isolated from cells using TRIzol 
(Takara Bio, Inc., Otsu, Japan) and reverse transcription was 
performed using the PrimeScript RT reagent kit, according to 
the manufacturer's instructions (Takara Bio, Inc.). RT‑qPCR 
was performed on a CFX Connect qPCR system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) with the SYBR Premix 
Ex Taq II kit (Takara Bio, Inc.). The primer sequences used 
were as follows: PLCε (sense), 5'‑GCA​ACT​ACA​ACG​CTG​
TCA​TGG​AG‑3' and PLCε (antisense), 5'‑GCA​ACT​ACA​ACG​
CTG​TCA​TGG​AG‑3'; Gli‑1 (sense), 5'‑ATC​CTT​ACC​TCC​
CAA​CCT​CTG​T‑3' and Gli‑1 (antisense), 5'‑AAC​TTC​TGG​
CTC​TTC​CTG​TAG​C‑3'; Gli‑2 (sense), 5'‑CGG​TGT​AGG​CAG​
AGC​TGA​TG‑3' and Gli‑2 (antisense), 5'‑CCA​CAA​GGC​AGA​
AAC​ACC​AA‑3'; Smo (sense), 5'‑CTC​CTA​CTT​CCA​CCT​GCT​
CAC‑3' and Smo (antisense), 5'‑CAA​AAC​AAA​TCC​CAC​TCA​
CAGA‑3'; β‑actin (sense), 5'‑TGA​CGT​GGA​CAT​CCG​CAA​
AG‑3' and β‑actin (antisense), 5'‑CTG​GAA​GGT​GGA​CAG​
CGA​GG‑3'. The RT‑qPCR comprised an initial denaturation 
at 95˚C for 15 sec, and then 45 cycles at 95˚C for 5 sec and 
60˚C for 30 sec. The mRNA expression levels were calculated 
using the comparative 2‑ΔΔCq method (28), with β‑actin as a 
calibrator. All gene expression experiments were repeated at 
least 3 times.

Cell Counting Kit‑8 (CCK‑8) assay. Cell proliferation was 
evaluated using the CCK‑8 assay. The cells were seeded in 
96‑well plates (2,000 cells/well), and incubated at 37˚C for 
12 h, and then cultured with the different treatment agents in 
each 5 replicate wells. CCK‑8 reagent (10 µl; Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China) was added 
into each well and incubated at 37˚C for 2 h. Optical density 
was detected using a microplate reader at the absorbance 
of 450  nm. Half maximal inhibitory concentration (IC50) 
of enzalutamide in the cells was calculated by the CCK‑8 
assay. The pretreated cells were seeded into 96‑well plates 
(4,000 cells/well) and incubated at 37˚C for 12 h. Different 
concentrations (0.2‑640 µM) of enzalutamide were added to 
the cells in each 3 replicate wells for 24 h, dimethyl sulfoxide 
(DMSO) (Merck KGaA) was used as the control. According 
to the research of Gonnissen et al (29), GANT61 inhibited the 
survival rate of 22RV1 cells in a dose‑dependent manner (from 
1 to 50 µM), but the survival rate was significantly inhibited 

at a concentration of 10 µM. Considering the cytotoxicity, the 
concentration of 10 µM was chosen for the present study.

Transwell invasion assay. For the Transwell invasion assay, 
1x104 cells were plated in serum‑free medium in the upper 
chamber with a Matrigel‑coated membrane, and the lower 
chamber was filled with medium supplemented with 10% 
FBS. Following 48 h of incubation, the cells at the lower 
chamber inserts were stained with 0.1% crystal violet and 4% 
formaldehyde (Beyotime Institute of Biotechnology) at room 
temperature for 15 min. After removing the membrane, the 
number of cells was counted under a fluorescence microscope 
(Nikon, Tokyo, Japan).

Colony formation assay. The cells were plated in 6‑well plates 
(400 cells/well), and the medium was refreshed every 3 days. 
Following culture for 14 days, the cells were fixed in 70% 
ethanol and then stained with 0.05% crystal violet solution for 
20 min. The number of colonies was counted under a light 
microscope.

Western blot assay. The total protein of cells was extracted 
using RIPA buffer supplemented with protease inhibitor 
PMSF and phosphatase inhibitors NaF and Na3VO4 (Roche 
Diagnostics, Basel, Switzerland). The protein concentration 
was determined using the BCA protein assay kit. The isolated 
proteins (50 µg per lane) were separated by sodium dodecyl 
sulfate‑polyacrylamide gel (10 or 12%) electrophoresis 
(SDS‑PAGE) and transferred to polyvinylidene difluoride 
membranes (EMD Millipore, Billerica, MA, USA). The 
membranes was immersed in Tris‑buffered saline (TBS) 
with Tween‑20 blocking solution containing 5% non‑fat 
milk for 2 h, and then incubated with the primary antibodies 
at 4˚C overnight. The membranes were then incubated with 
a goat anti‑rabbit IgG secondary antibody (dilution 1:2,000; 
cat. no. TA130015; OriGene Technologies, Inc., Rockville, 
MD, USA) or a goat anti‑mouse IgG secondary antibody 
(dilution 1:2,000; cat. no. TA130001; OriGene Technologies, 
Inc.) for 1 h at 37˚C. The enhanced chemiluminescent (ECL) 
kit was purchased from Merck Millipore. The intensity level 
of each protein band was quantified using Image‑Pro plus 6.0 
(Media Cybernetics, Inc., Rockville, MD, USA). The following 
antibodies were used: PLCε (dilution 1:300; cat. no. sc28402; 
Santa Cruz Biotechnology, Inc.), STAT3 (dilution 1:1,000; 
cat.  no.  ab119352; Abcam), p‑STAT3 (dilution 1:1,000; 
cat. no. ab32143; Abcam), Gli‑1 (dilution 1:500; cat. no. ab49314; 
Abcam), Gli‑2 (dilution 1:500; cat. no. ab26056; Abcam), Smo 
(dilution 1:500; cat. no. ab113438; Abcam) and AR (dilution 
1:500; cat. no. sc7305; Santa Cruz Biotechnology, Inc.).

Immunofluorescence. EN‑R cells (1.0x105 cells/well) were 
seeded on sterile glass coverslips and incubated for 48 h, fixed in 
4% paraformaldehyde for 20 min, and incubated with anti‑AR 
primary antibody overnight at 4˚C. They were then cultured 
with a goat anti‑rabbit secondary antibody (dilution 1:2,000; 
cat. no. TA130015; OriGene Technologies, Inc., Rockville, MD, 
USA) for 45 min in the dark at room temperature, and nuclei 
were stained with 4'6‑diamidino‑2‑phenylindole (DAPI). 
Immunofluorescent images were acquired using a fluorescence 
microscope (Nikon, Tokyo, Japan) at a magnification of x400.
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Animal xenograft model. All animal experiments were approved 
by the Ethics Committee of Chongqing Medical University 
(Chongqing, China). Twelve male castrated athymic nude 
mice aged 4 weeks (BALB/c; Beijing Huafukang Bioscience 
Co., Ltd., Beijing, China) weighing 18‑20 g were raised in a 
cabinet with laminar air flow under pathogen‑free conditions 
in a humidity‑ and temperature‑controlled environment with 
a 12 h light/dark schedule. The mice had ad libitum access 
to food and water. Prior to the study initiation, the mice were 
allowed to acclimatize for 1 week. Then the mice were injected 
subcutaneously with 2x106 EN‑R (Cont group) or LV‑shPLCε 
EN‑R (LV‑shPLCε group) cells (suspended in 0.1 ml Matrigel) 
into the right flank area. The animals were then divided into four 
groups: the Cont+PBS, the LV‑shPLCε+PBS, the Cont+Enz 

and the LV‑shPLCε+Enz (3 mice per group). A week later, 
the mice were treated with vehicle phosphate‑buffered saline 
(PBS) or enzalumatide at 10 mg/kg by oral gavage (5 days on 
and 2 days off) up to 32 days treatment. The tumor growth was 
monitored every 5 days and the tumor volume was calculated 
using the following formula: Volume (mm3) = 1/2 x length x 
width2. At the end of the experiment or when the tumor volume 
exceeded 1,000 mm3, the mice were euthanized with cervical 
dislocation and the tumors were collected and measured. The 
following animal humane endpoints were established: tumors 
exceeding 10% of the body weight of mice, tumors that became 
festered and infected, and mice that could not eat and drink 
water on their own. Mice were euthanized when these humane 
endpoints occurred.

Figure 1. Lentivirus‑shPLCε and GANT61 inhibit the protein and mRNA expression level of PLCε and Gli‑1/Gli‑2. (A) PLCε was highly expressed in the 
PCa (LNCaP) and CRPC (22RV1 and EN‑R) cell lines. Gli‑1/Gli‑2 and AR expression levels were higher in CRPC (22RV1 and EN‑R) cells compared to PCa 
(LNCaP) cells as shown by western blotting. (B) The mRNA expression levels of PLCε, Gli‑1/Gli‑2 and AR in LNCap, 22RV1 and EN‑R cells were detected 
by RT‑qPCR (*P<0.05, **P<0.01 and ***P<0.001). (C) PLCε knockdown was induced by transfecting lentivirus (LV)‑shPLCε into CRPC cell line. Total cellular 
proteins were detected by western blotting. (D) Relative PLCε mRNA expression level was determined by RT‑qPCR. β‑actin was used as an internal control  
(**P<0.01 and ***P<0.001 compared with the blank control). (E‑G) GANT61 inhibited the protein and mRNA expression level of Gli‑1/Gli‑2. β‑actin was used 
as an internal control (**P<0.01 compared with the blank control). PLCε, phospholipase Cε; Gli, glioma‑associated homolog; PCa, prostate cancer; CRPC, 
castration‑resistant PCa; EN‑R, enzalutamide‑resistant cell line; AR, androgen receptor; RT‑qPCR, reverse transcription quantitative polymerase chain 
reaction.
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Statistical analysis. SPSS 20.0 (IBM Corp, Armonk, NY, 
USA) was used to process data. Data are presented as the 
mean ± standard deviation (SD). Data from two groups were 
analyzed by unpaired t‑test and >2 groups were analyzed by 
one‑way and two‑way ANOVA with post hoc contrasts by 
the Student‑Newman‑Keuls (SNK) method. For the data of 
characteristics of the patient groups, Mann‑Whitney test for 
2 independent variables was used; Chi‑square test was used 
for trend for the number of rows or columns >2; McNemar's 
test was used to compare the differences between the matched 
categorical variables; Pearson's Chi‑square test was used for 
2 groups of independent variables. Progressive‑free survival 
(PFS) and overall survival (OS) curves were estimated using 

the Kaplan‑Meier method. Correlation curve analysis for PLCε 
protein vs. corresponding Gli1 and Gli2 protein in CRPC 
specimens was conducted using Pearson's linear correlation 
analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Inhibition of PLCε and Gli‑1/Gli‑2 suppresses the proliferation 
and invasion of CRPC cells. Western blot analysis and RT‑qPCR 
were performed to investigate the protein expression and mRNA 
levels of PLCε and Gli‑1/Gli‑2 in the LNCaP, 22RV1 and EN‑R 
cells. As shown in Fig. 1A and B, PLCε was highly expressed in 

Figure 2. PLCε knockdown and Gli‑1/Gli‑2 inhibition suppress cell proliferation and invasion in CRPC cells. (A and B) The cell viability of EN‑R and 
22RV1 cells was assessed by CCK‑8 assay following treatment with LV‑shPLCε and/or GANT61 10 µM for 72 h (*P<0.05, **P<0.01 and ***P<0.001, compared 
to LV‑NC at the same time‑points). (C) Colony forming efficiency of 22RV1 and EN‑R cells detected by colony forming assay following treatment with 
LV‑shPLCε and/or GANT61 10 µM. (D) The invasive ability of the 22RV1 and EN‑R cells following treatment with LV‑shPLCε and/or GANT61 10 µM for 
72 h (magnification, x400) was evaluated by Transwell assay. PLCε, phospholipase Cε; Gli, glioma‑associated homolog; CRPC, castration‑resistant prostate 
cancer; EN‑R, enzalutamide‑resistant cell line; CCK‑8, Cell Counting Kit‑8.
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the three cell lines. Gli‑1/Gli‑2 was highly expressed in 22RV1 
and ENR cells, but slightly expressed in the LNCaP cells. The 
expression of AR was also found to be higher in the 22RV1 and 
EN‑R cells, as compared with the LNCaP cells.

As previously described (12,13), PLCε knockdown inhibits 
the proliferation and invasion of PCa cells, but whether it has 
the same inhibitory effect on CRPC cells remains unknown. 
GANT61, a specific Gli inhibitor, has been reported to 
suppress the growth of tumor cells by inhibiting the expres-
sion of Gli‑1/Gli‑2 (29,30). To determine the effect of targeting 
PLCε and Gli‑1/Gli‑2 on the proliferative and invasive capacity 
of 22RV1 and EN‑R cells, lentivirus‑shPLCε (LV‑shPLCε) 
was used to knock down PLCε (Fig. 1C and D). Meanwhile, 
GANT61 (10  µM) was used to inhibit the expression of 
Gli‑1/Gli‑2 in 22RV1 and EN‑R cells (Fig. 1E‑G). CCK‑8 
and colony formation assays showed that PLCε knockdown 
and GANT61 treatment suppressed the proliferation of the 
22RV1 and EN‑R cells. The combination of PLCε knockdown 
and GANT61 enhanced the inhibitory effect (Fig. 2A‑C). 
Accordingly, Transwell assay showed that PLCε knockdown 
and GANT61 treatment inhibited the invasion of the 22RV1 
and EN‑R cells. The combination of PLCε knockdown and 
GANT61 enhanced the inhibitory effect (Fig. 2D). These find-
ings indicated that PLCε knockdown and Gli‑1/Gli‑2 inhibition 
suppressed cell proliferation and invasion in CRPC cells.

Inhibition of PLCε sensitizes CRPC cells to enzalutamide 
in vitro. It is well known that AR amplification is responsible 
for CRPC. As previously mentioned, the knockdown of PLCε 
inhibited the expression of AR in PCa cells. The inhibition 
of Gli has been shown to regulate the activity of AR, rather 
than its expression (25). However, whether PLCε knockdown 

or Gli inhibition regulates the sensitivity of CRPC cells to 
enzalutamide by interacting with the AR signaling pathway 
remains unclear. We therefore hypothesized that the knock-
down of PLCε and inhibition of Gli‑1/Gli‑2 could sensitize 
CRPC cells to enzalutamide. To test this, the IC50 value of 
enzalutamide for the LNCaP, 22RV1and EN‑R cells was 
determined by CCK‑8 assay, as 1.89±0.86, 38.54±9.58 and 
84.17±18.94 µM, respectively (Fig. 3A). The IC50 value was 
detected again in 22RV1and EN‑R cells following treatment 
with LV‑shPLCε, GANT61 10 µM or combination treatment. 
The data showed that, although both LV‑shPLCε and GANT61 
reduced the IC50 value of enzalutamide to varying degrees, 
the combination treatment significantly decreased the IC50 
value of 22RV1 and EN‑R cells, as compared to either single 
treatment (Fig. 3B and C). These data indicated that PLCε 
knockdown and Gli‑1/Gli‑2 inhibition could sensitize CRPC 
cells to enzalutamide in vitro.

PLCε knockdown inhibits the expression of Gli‑1/Gli‑2 
through the non‑canonical Hh signaling pathway in CRPC 
cells. As described above, the increase in PLCε expression was 
positively correlated with an increase in Gli‑1/Gli‑2 expression 
in PCa and CRPC tissue samples. In addition, PLCε knock-
down or inhibition of Gli‑1/Gli‑2 expression had a similar 
inhibitory effect on cell proliferation and invasion in the 22RV1 
and EN‑R cells. Both helped sensitize 22RV1 and EN‑R cells 
to enzalutamide in vitro. We therefore, hypothesized that there 
is an interaction between PLCε and Gli‑1/Gli‑2. In order to 
determine that interaction, western blot analysis and RT‑qPCR 
were performed. PLCε knockdown inhibited the mRNA and 
protein expression levels of Gli‑1/Gli‑2, while their inhibition 
did not affect the expression of PLCε in 22RV1 and EN‑R cells, 

Table I. Demographic and clinical characteristics of the PCa patients.

	 PLCε
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Patient characteristics	 Overall	 Negative	 Positive
Total number	 n=64	 15/64 (23%)	 49/64 (77%)	 P‑value

Age, years				    0.405
  Median	 69	 65	 70	
  Quartiles 25‑75	 59‑74	 58‑74	 60‑75	
PSA ng/ml				    0.108
  Median	 47.41	 82.14	 38.46	
  Quartiles 25‑75	 23.70‑89.89	 31.18‑144.35	 21.44‑86.39	
Histological stage, n (%)				    0.028a

  Ta‑T1	 27 (42%)	 10 (67%)	 17 (35%)	
  T2‑T4	 37 (58%)	 5 (33%)	 32 (65%)	
Gleason score, n (%)				    0.053
  <7	 21 (33%)	 8 (53%)	 13 (27%)	
  ≥7	 43 (67%)	 7 (47%)	 36 (73%)	
Bone metastases, n (%) 				    0.147
  Yes	 25 (39%)	 6 (40%)	 19 (39%)	
  No 	 39 (61%)	 9 (60%)	 30 (61%)	

aStatistically significant. PCa, prostate cancer; PLCε, phospholipase Cε; PSA, prostate‑specific antigen.
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suggesting that PLCε is the upstream regulator of Gli‑1/Gli‑2 
(Fig. 4). However, following PLCε knockdown, Smo (upstream 
regulatory gene of Gli in the classical Hh signaling pathway) 
showed no significant mRNA and protein expression change 
(Fig. 4). These data indicated that PLCε knockdown inhibited 
the expression of Gli‑1/Gli‑2 through the non‑canonical Hh 
signaling pathway.

PLCε knockdown increases the sensitivity of CRPC cells 
to enzalutamide by suppressing AR expression and nuclear 
translocation via different signaling pathways. To further 
investigate the mechanism by which PLCε increases the 
sensitivity of CRPC cells to enzalutamide, the effect of PLCε 
on AR expression and subcellular localization in EN‑R cells 
was assessed using immunofluorescence and western blotting. 
It was found that PLCε knockdown inhibited AR transloca-
tion from the cytoplasm to the nucleus (Fig. 5A). Next, the 

overexpression of plasmid ad‑Gli1and ad‑Gli2 was used 
to overexpress Gli‑1 and Gli‑2 in EN‑R cells (Fig. 5B‑D). 
Of note, it was found that the AR nuclear translocation was 
significantly increased in the LV‑shPLCε+ad‑Gli2 group 
compared to the LV‑shPLCε+ad‑Gli1 group (Fig.  5A). In 
addition, the cytoplasmic vs. nuclear distribution of AR in 
EN‑R cells was examined using western blot analysis. The 
data showed that AR expression was decreased in the nucleus 
following PLCε knockdown, while the overexpression of Gli‑2 
reversed this effect (Fig. 5E), indicating that PLCε knock-
down suppressed AR nuclear translocation via the Gli‑2/AR 
signaling pathway. 

The data also showed that the knockdown of PLCε 
inhibited the protein expression of AR but not its mRNA 
expression. However, the inhibition of the Gli‑1/Gli‑2 expres-
sion by GANT61 did not lead to any significant change in the 
AR mRNA and protein expression (Fig. 4). We also found that 

Figure 3. PLCε knockdown sensitizes CRPC cells to enzalutamide in vitro and in vivo. (A) LNCaP, 22RV1and EN‑R cells were exposed to increasing concen-
trations of enzalutamide for 48 h, and the IC50 was determined by CCK‑8 assay. (B and C) 22RV1 and EN‑R cells were exposed to increasing concentrations of 
enzalutamide for 48 h, and the IC50 of 22RV1 and EN‑R cells following treatment with LV‑shPLCε and/or GANT61 10 µM was determined by CCK‑8 assay. 
(D) Tumors sizes. (E) Dynamic growth of implanted tumors in mice (*P<0.05; **P<0.01). PLCε, phospholipase Cε; CRPC, castration‑resistant prostate cancer; 
EN‑R, enzalutamide‑resistant cell line; IC50, half maximal inhibitory concentration; CCK‑8, Cell Counting Kit‑8; Enz, enzalutamide.
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the protein expression of phosphorylated STAT3 (p‑STAT3) 
was decreased following PLCε knockdown in EN‑R cells, but 
there was no obvious change in the total STAT3 (t‑STAT3) 
protein expression (Fig. 5I and J). We therefore hypothesized 
that PLCε affects the expression of AR through p‑STAT3 
signaling. To verify the role of the p‑STAT3 signaling pathway 
and in the regulation of AR, LPS a p‑STAT3 agonist, were 
used to activate p‑STAT3. The data showed that the expres-
sion of p‑STAT3 was activated by LPS, and that the activated 
p‑STAT3 increased the expression of AR target gene PSA, 
rather than that of AR. PLCε knockdown inhibited the expres-
sion of p‑STAT3 and PSA protein (Fig. 5F‑H). These findings 
indicated that the knockdown of PLCε inhibited the PSA 
expression via the p‑STAT3 signaling pathway. 

PLCε inhibition sensitizes CRPC cells to enzalutamide in vivo. 
The role of LV‑shPLCε in the sensitivity to enzalutamide in 
EN‑R‑derived tumors was also examined in vivo. Castrated 
nude mice were injected subcutaneously with 2x106 EN‑R (Cont 
group) or LV‑shPLCε EN‑R cells (LV‑shPLCε group) into the 
right flank area and then divided into four groups: Cont+PBS, 
LV‑shPLCε+PBS, Cont+Enz and LV‑shPLCε+Enz (n=3 per 
group). According to the research of Guerrero et al (31), 10 and 
50 mg/kg of enzalutamide significantly inhibited the volume in 

a mouse LNCaP‑AR xenograft model. Considering the toxicity 
of drugs, the dose of 10 mg/kg enzalutamide was chosen for 
animal experiments. The mice were treated with vehicle PBS 
or enzalutamide at 10 mg/kg by oral gavage (5 days on, 2 days 
off). The mice were then sacrificed, and tumors were collected 
and measured. No animal was sacrificed due to reaching 
humane endpoints. No mice were found to exhibit multiple 
tumors. The largest diameter of the tumors was 1.5 cm. As 
shown in Fig. 3D and E, no significant difference was identified 
in the tumor volume between the Cont+PBS and the Cont+Enz 
groups. The tumor volume in the LV‑shPLCε+PBS group was 
smaller than that of the Cont+PBS and Cont+Enz groups. In 
addition, the LV‑shPLCε+Enz group exhibited the smallest 
tumor volume of the four groups. These results suggested that 
PLCε knockdown inhibited the tumor growth of the EN‑R cell 
xenografts and contributed to the sensitization of CRPC cells 
to enzalutamide in vivo. 

Increased PLCε expression contributes to unfavorable 
disease phenotype and poor outcome of patients with PCa. A 
total of 30 BPH samples, 64 PCa and 27 CRPC samples were 
collected (Table I). The expression of PLCε was detected in 
the BPH, PCa and CRPC tissues by immunohistochemistry. 
A high expression of PLCε was identified in most PCa (49/64) 

Figure 4. PLCε knockdown inhibits the expression of Gli‑1/Gli‑2. (A and B) The expression of PLCε, Gli‑1, Gli‑2, AR and Smo in 22RV1 and EN‑R cells was 
examined by western blotting. The cells were treated with LV‑shPLCε and/or GANT61 10 µM for 72 h. β‑actin served as a loading control. (C and D) The 
relative mRNA expression of PLCε, Gli‑1, Gli‑2, AR and Smo in 22RV1 and EN‑R cells was examined by RT‑qPCR (*P<0.05, **P<0.01 and ***P<0.001). PLCε, 
phospholipase Cε; Gli, glioma‑associated homolog; AR, androgen receptor; Smo, smoothened; EN‑R, enzalutamide‑resistant cell line; RT‑qPCR, reverse 
transcription quantitative polymerase chain reaction.
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Figure 5. PLCε knockdown suppresses AR expression and nuclear translocation via different signaling pathways. (A) Immunofluorescence demonstrated AR 
intracellular distribution at 48 h following infection with LV‑shPLCε and ad‑Gli1/ad‑Gli2 in EN‑R cells. Magnification, x400. PLCε knockdown inhibited 
AR nuclear translocation in EN‑R cells. However, the overexpression of Gli‑2 reversed the inhibitory effect produced by PLCε. (B) The relative mRNA 
expression level of Gli‑1 and Gli‑2 following treatment with an overexpression plasmid of ad‑Gli1, ad‑Gli2 was examined by RT‑qPCR and β‑actin served as 
loading control (NC stands for empty vector plasmid group (*P<0.05, **P<0.01). (C) Protein expression level of Gli‑1 and Gli‑2 following treatment with the 
overexpression plasmid of ad‑Gli1, ad‑Gli2 and PLCε knockdown. (D) The mRNA expression level of Gli‑1 and Gli‑2 following treatment with overexpression 
plasmid of ad‑Gli1, ad‑Gli2 and PLCε knockdown (*P<0.05, **P<0.01). (E) Western blotting showed that PLCε knockdown significantly decreased the AR 
expression in the nucleus. However, the expression of AR in the nucleus increased following Gli‑2 overexpression. (F‑H) Western blotting indicated that PLCε 
knockdown inhibited the PSA expression via the p‑STAT3 signaling pathway (The results are represented as the mean ± SD; *P<0.05, **P<0.01 and ***P<0.001). 
(I and J) Western blotting showed that the downregulation of PLCε decreased the p‑STAT3 protein expression in EN‑R cells (The results are represented as 
the mean ± SD; **P<0.01). PLCε, phospholipase Cε; AR, androgen receptor; Gli, glioma‑associated homolog; EN‑R, enzalutamide‑resistant cell line.
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and CRPC (21/27) tissue samples. By contrast, none of the 
BPH tissues stained positive for PLCε (Fig. 6A). Noticeably, 
the expression of PLCε in the CRPC tissues was significantly 
higher than that in the PCa tissues (P=0.0447; Fig. 6B). It 
was also observed that the expression of Gli‑1 and Gli‑2 in 
the tumor (PCa and CRPC) tissues was significantly higher 
than that in the benign (BPH) tissues (Fig. 6A, C and D). 
Interestingly, the expression of Gli‑1, but not Gli‑2, in the 
CRPC tissues was significantly upregulated, as compared to 
that in the PCa tissues (P=0.152; Fig. 6C). In addition, Pearson's 
linear correlation results showed that PLCε expression was 
positively correlated with Gli‑1 (r=0.581, P=0.01; Fig. 6E) and 
Gli‑2 expression (r=0.409, P=0.034; Fig. 6F).

To investigate the effects of PLCε on the disease pheno-
type and patient clinical outcome in PCa and CRPC, the 
association between various clinical parameters and the 
PLCε expression in PCa and CRPC tissues was analyzed. 
On the one hand, it was found that the PLCε expression was 
positively correlated with the tumor histological stage of 
the PCa patients (P=0.028; Table I) and bone metastasis of 
the CRPC patients (P=0.030; Table II). On the other hand, 
Kaplan‑Meier survival analysis results showed that the 
median progression‑free survival (PFS) was 24 months (95% 
CI, 17‑30 months) in the PLCε‑positive CRPC patients, while 
the median PFS was 28 months (95% CI, 21‑35 months) in 
the PLCε‑negative patients; PLCε positivity in the CRPC 
tissues was associated with a shorter PFS in the CRPC 
patients (P=0.025; Fig. 7A). Similarly, the overall survival 
(OS) of PCa patients with a negative PLCε expression was 
significantly longer than that of PCa patients with a positive 
PLCε expression (P=0.027; Fig. 7B). These findings revealed 
that high PLCε expression contributes to unfavorable disease 
phenotype and poor outcomes in patients with PCa.

Discussion

As a member of the PLC family, PLCε does not only 
have typical catalytic domains XY and C2, but also a 
carboxyl‑terminated Ras domain RA and amino acid 

guanylate exchange factor domain CDC25 (32,33). These 
special domains can activate multiple signaling pathways 
and promote the development of malignant tumors. Current 
experimental and clinical data suggest that PLCε may play a 
pivotal role in the regulation of the development and progres-
sion of different types of cancer, such as skin cancer (10), lung 
cancer (34), gastric cancer and esophageal squamous cell 
carcinoma (35,36). We previously investigated the expression 
level of PLCε in bladder cancer and renal cell carcinoma 
using immunohistochemistry. It was found to be significantly 
higher than that in normal tissue, suggesting that PLCε is 
closely associated with the occurrence and development of 
renal cell carcinoma and bladder cancer (37,38). Recently, our 
research (12,13) has shown that the high expression of PLCε 
is associated with cell proliferation and invasion in PCa. In 
the present study, it was found that the expression of PLCε 
was significantly increased in PCa and CRPC, as compared 
to BPH tissues, and that this high expression was linked 
to poor prognosis in patients with PCa. PLCε knockdown 
inhibited the proliferation and invasion of CRPC cells. These 
results revealed that PLCε is involved in the progression of 
CRPC and further demonstrated that PLCε is an oncogene, 
which is consistent with previous literature reports.

The activity of Hh/Gli signaling has been shown to 
be elevated in PCa (20), and is more intensive in those of 
metastatic PCa than in specimens of localized‑PCa  (21). 
Consistent with these reports, it was found in the present study 
that Hh/Gli signaling was markedly increased in CRPC, as 
compared to PCa tissues, suggesting that Hh/Gli signaling 
plays an important role in the emergence and development 
of CRPC. In addition, it was found that the increase of PLCε 
was positively correlated with the increase in Gli‑1/Gli‑2 
expression, and that PLCε knockdown and/or inhibition of 
Gli‑1/Gli‑2 using GANT61 inhibited the proliferation and 
invasion of CRPC cells. PLCε knockdown also interacted 
with the Hh/Gli signaling pathway by decreasing the mRNA 
and protein expression of the Hh target genes Gli‑1 and Gli‑2. 
However, Smo, the upstream regulatory gene of Gli did not 
decrease, suggesting that PLCε could be involved in the 

Table II. Demographic and clinical characteristics of the CRPC patients.

	 PLCε
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 Overall	 Negative	 Positive	
Total number	 n=27	 6/27 (22%)	 21/27 (78%)	 P‑value

Age, years				    0.884
  Median	 71	 73	 70	
  Quartiles 25‑75	 65‑77	 65‑78	 66‑79	
PSA ng/ml				    0.726
  Median	 32.23	 28.26	 32.24	
  Quartiles 25‑75	 16.76‑56.18	 16.13‑58.32	 24.90‑58.12	
Bone metastases, n (%)				    0.030a

  Yes	 15 (56%)	 1 (17%)	 14 (67%)	
  No 	 12 (44%)	 5 (83%)	  7 (33%)	

aStatistically significant. CRPC, castration‑resistant prostate cancer; PLCε, phospholipase Cε; PSA, prostate‑specific antigen.
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progression of CRPC cells through the non‑canonical Hh/Gli 
signaling pathway.

Androgen‑deprivation therapy (ADT) remains the main 
treatment strategy for PCa patients (39). However, the transition 

Figure 6. Increased PLCε expression in PCa and CRPC tissues is associated with Gli‑1/Gli‑2 expression. (A) Immunohistochemical staining in prostate tissues. 
Magnification, x200. (a, d and g) BPH tissues. (b, e and h) PCa tissues. (c, f and i) CRPC tissues. (B‑D) Average staining scores for PLCε, Gli‑1 and Gli‑2 in 
BPH, PCa and CRPC tissues. (E and F) Correlation curve analysis for PLCε vs. Gli‑1/Gli‑2 staining scores in CRPC tissues. P<0.05 was considered statistically 
significant. PLCε, phospholipase Cε; BPH, benign prostatic hyperplasia; PCa, prostate cancer; CRPC, castration‑resistant PCa; Gli, glioma‑associated homolog.
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from hormone‑sensitive PCa to CRPC is inevitable during treat-
ment. AR amplification is a major mechanism of resistance to 
ADT (40). Enzalutamide is one of the first‑line drugs for the 
treatment of CRPC; it has not only been shown to potently 
inhibit the binding of androgens to AR, but also the nuclear 
translocation and subsequent binding of the AR‑ligand complex 
to DNA, thereby inhibiting the transcription of AR target 
genes (41). However, enzalutamide resistance can occur within a 
few months. In the present study, it was found that PLCε knock-
down increased the sensitivity of CRPC cells to enzalutamide, 
which might be achieved by PLCε knockdown suppressing 
AR nuclear translocation via the Gli‑2/AR signaling pathway, 
or PLCε knockdown inhibiting the expression of the AR target 
gene PSA via the p‑STAT3 signaling pathway. Although PLCε 
knockdown decreased the protein expression of AR, we failed 
to determine the exact mechanism in this study. 

GANT61, a specific Gli‑1/Gli‑2 inhibitor, has been reported 
to significantly decrease cell survival of PC3 and 22Rv1 
cells (29). As a small molecule that blocks the transcription 
of essential Hh proteins, GANT61 has a broad spectrum of 
potential mechanisms (either through the specific inhibition of 
Hh signaling or not) by which it can elicit anticancer effects, 
as it targets many of the ‘classical hallmarks of cancer’ (42). In 
present study, GANT61 was shown to not only suppress prolif-
eration and invasion in CRPC cells, but also sensitize CRPC 
cells to enzalutamide, suggesting that GANT61 may be a novel 
adjuvant drug for use in the treatment of CRPC. However, the 
potential mechanism of sensitization is unclear. Although it 
was demonstrated herein that downregulation of Gli‑2, rather 
than Gli‑1, inhibited AR translocation, that inhibition did not 
affect AR expression, which was consistent with a previous 
study on androgen‑independent PCa cells (25). It was therefore 
deduced that GANT61 restored the sensitivity of CRPC cells 
to enzalutamide not only via the AR pathway, but also other 
non‑AR pathways, such as cell autophagy. Autophagy is an 
important mechanism of resistance to enzalutamide in CRPC; 
GANT61 induces autophagy in cancer cells, and the enhance-
ment of autophagy increases the sensitivity of enzalutamide in 

CRPC (43,44). Taken together, the signal transduction relation-
ship among PLCε, Gli and AR was that: GANT61 inhibited 
AR nuclear translocation by inhibiting Gli2, GANT61 also 
increased the drug sensitivity of enzalutamide through other 
non‑AR signaling pathways. PLCε inhibited the activity of 
AR axis in three ways. On the one hand, PLCε inhibited AR 
nuclear translocation by inhibiting the non‑classical Hh/Gli‑2 
signaling pathway. On the other hand, PLCε inhibited the 
expression of AR target gene PSA by inhibiting the expres-
sion of p‑STAT3. In addition PLCε inhibited the expression 
of AR protein, but the mechanism has not been clarified. 
Certain issues were encountered in this study, including the 
failure to define the mechanism through which PLCε affects 
AR protein expression and GANT61 affects drug sensitivity 
to enzalutamide in CRPC through non‑AR pathways. Further 
research is required to confirm these. In immunohistochemical 
experiments, the expression status of immunostaining was 
reviewed and scored based on the proportion of positive cells 
and staining intensity by pathologist, and the staining inten-
sity was defined as follows: 0 (no staining), 1 (light yellow), 
2 (light brown), 3 (brown) and 4 (deep brown) and the immu-
noreactivity ratio was 0 (0% immunoreactive cells), 1 (<5% 
immunoreactive cells), 2 (5‑50% immunoreactive cells), 3 
(>50‑75% immunoreactive cells) and 4 (>75% immunoreactive 
cells). The final immunoreactivity score was defined as the 
sum of both parameters. However, the lack of positive control 
is still a limitation of this study.

In combination, the present results showed that PLCε 
expression and Hh/Gli signaling were excessively activated in 
the majority of CRPC tissues. PLCε positivity was linked to 
poor prognosis in patients with PCa. The knockdown of PLCε 
significantly suppressed CRPC cell proliferation and inva-
sion by reducing Gli‑1/Gli‑2 expression. More importantly, 
PLCε knockdown increased the sensitivity of CRPC cells to 
enzalutamide by suppressing AR nuclear translocation via 
the Gli‑2/AR signaling pathway and inhibiting PSA expres-
sion via the p‑STAT3 signaling pathway. In addition, the 
combination of PLCε knockdown and GANT61 significantly 

Figure 7. Increased PLCε expression in PCa and CRPC tissues is linked to poor prognosis. (A) Kaplan‑Meier survival analysis of the PFS of 27 patients 
with CRPC (21 PLCε‑positive, 6 PLCε‑negative patients). (B) Overall survival cumulative Kaplan‑Meier analysis for PCa patients (49 PLCε‑positive and 15 
PLCε‑negative patients). P<0.05 was considered statistically significant. PLCε, phospholipase Cε; PCa, prostate cancer; CRPC, castration‑resistant PCa; PFS, 
progression‑free survival; OS, overall survival; CI, confidence interval.
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sensitized CRPC cells to enzalutamide. Targeting PLCε may 
therefore serve as a potential treatment strategy for CRPC, and 
GANT61 may prove to be a promising agent for use in CRPC 
treatment.
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