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Introduction
Prostate cancer is one of the most common of  
solid tumors. It is the third leading cause of can-
cer-related deaths and was estimated to be the 

most frequently occurring cancer in men in 
2018.1 Prostate cancer frequently occurs with an 
occult and asymptomatic onset, and patients 
with clinical symptoms usually have local 
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Abstract
Background: Treatment of metastatic castration-resistant prostate cancer (mCRPC) 
with docetaxel often fails due to the emergence of chemoresistance. Thus, restoring 
chemosensitivity to docetaxel-based therapies remains a challenge in mCRPC treatment.
Methods: microRNA (miR)-451 expression was measured in docetaxel-treated prostate cancer 
cells and tumor tissues by quantitative reverse-transcription polymerase chain reaction . 
Cell-counting kit 8 assay was performed to determine docetaxel chemoresistance. Neural-
precursor-cell-expressed developmentally downregulated protein 9 (NEDD9) was identified as 
a novel target of miR-451 by dual-luciferase reporter system. Chromatin immunoprecipitation 
and co-immunoprecipitation assay were performed to confirm that histone deacetylase 3 
(HDAC3)/Sp1 (a highly evolutionarily conserved transcription factor) interacted with the Sp1 
binding sites in miR-451 promoter.
Results: miR-451 was found to be silenced in docetaxel-treated prostate cancer cells 
and mCRPC tissues. Low miR-451 expression was closely associated with a high Gleason 
score, high Eastern Cooperative Oncology Group performance status score, visceral 
metastasis and poor prognosis. Low expression of miR-451 was significantly correlated 
with short progression-free survival (PFS) and overall survival (OS) according to Kaplan–
Meier analysis, and miR-451 was determined to be an independent poor prognostic factor 
for PFS and OS in mCRPC patients by univariate and multivariate Cox regression analyses. 
NEDD9 was identified as a new and functional target of miR-451. Restoration of NEDD9 
partially reversed the effects of miR-451 on enhancing chemosensitivity of prostate cancer 
cells. HDAC3 was confirmed to be involved in silencing of miR-451 expression in prostate 
cancer cells.
Conclusions: The current data revealed a new HDAC3/Sp1/miR-451/NEDD9 signaling axis that 
regulates the chemosensitivity of prostate cancer cells and represents a novel therapeutic 
target for chemosensitizing mCRPC.
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invasion or distant metastasis, which accounts 
for more than 10% of all cancer-related deaths in 
men.2 Despite androgen-deprivation therapy 
(ADT), which is regarded as the standard initial 
treatment for metastatic prostate cancer, the 
majority of patients treated with ADT eventually 
progress to metastatic castration-resistant pros-
tate cancer (mCRPC), which is a lethal form of 
the disease, with an expected survival time of less 
than 2 years.3,4

Recently, taxanes have been identified as the only 
class of chemotherapeutic agents that prolong 
overall survival (OS) in patients with advanced 
prostate cancer, and docetaxel-based chemother-
apies have been established as the first-line treat-
ment for patients with mCRPC.5–8 While 
docetaxel-based treatment results in initial tumor 
regression, most of these patients become non-
compliant to the recommended therapies due to 
the development of chemoresistance. Therefore, 
reversing resistance to docetaxel-based therapies 
would be of great clinical benefit in mCRPC 
treatment.

Microribonucleic acids (miRNAs) are endoge-
nous, short, single-stranded, ~22-base-long, non-
coding RNAs that regulate gene expression by 
binding to the 3′-untranslated region (UTR) of 
target genes. It has been recently discovered that 
miRNAs coordinate multiple biological processes 
regulating chemoresistance, such as cell prolifera-
tion, apoptosis, autophagy, cancer stem cell self-
renewal, and epithelial mesenchymal transition 
(EMT).9–11 In addition, multiple recent efforts 
have collectively demonstrated that aberrant 
expression of miRNAs accounts for chemoresist-
ance and the poor prognosis of various human 
cancers, including mCRPC.12–15

The purpose of this study was to identify novel 
dysregulated miRNAs responsible for the chem-
oresistance of mCRPC, and we established a 
vital role for miRNA-451 (miR-451) in the reg-
ulation of chemoresistance in mCRPC. 
Furthermore, neural-precursor-cell-expressed 
developmentally downregulated protein 9 
(NEDD9) was identified as a new and direct 
target of miR-451, and histone deacetylase 3 
(HDAC3) was confirmed to be responsible for 
silencing of miR-451. Finally, we revealed a 
new HDAC3/Sp1 (a highly evolutionarily con-
served transcription factor)/miR-451/NEDD9 
regulatory network that modulates the chemo-
sensitivity of prostate cancer cells.

Methods

Cell lines, mice and chemotherapeutic reagents
The normal prostate epithelial cell line benign 
prostate hyperplasia (BPH)-1 and the human pros-
tate cancer cell lines Lymph Node Carcinoma of 
the Prostate (LNCaP), prostatic carcinoma (PC) 3 
and DU145 a hormone-insensitive prostate cell 
line derived from a central nervous system metasta-
sis were obtained from the Shanghai Institute of 
Cell Biology (Shanghai, China). The cells were cul-
tured in RPMI-1640 medium with 20% fetal 
bovine serum and penicillin/streptomycin at 37°C 
in a humidified atmosphere with 5% CO2.

All BALB/c athymic nude mice [male, (specific-
pathogen free, SPF), 4–6 weeks] were provided 
by the department of Comparative Medicine of 
Nanjing General Hospital of Nanjing Military 
Command (Nanjing University, China) and 
maintained in laminar flow cabinets under SPF 
conditions. All mouse experiments and proce-
dures were conducted with the approval of the 
Institutional Committee for Animal Research of 
Jinling Hospital (Nanjing University, China).

Docetaxel and HDAC inhibitor (Trichostatin A, 
TSA) were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). Docetaxel and TSA stock 
solution was prepared with dimethyl sulfoxide 
and diluted with phosphate-buffered saline to the 
required concentrations, in accordance with each 
experiment.

Patients
All patients with mCRPC treated with docetaxel 
(75 mg/m2, every 3 weeks) with 5 mg prednisone 
twice daily were reviewed between January 2009 
and June 2013. All patients met all of the following 
criteria: all patients were pathologically diagnosed 
with prostate adenocarcinoma; all tissues from 
prostate biopsy specimens were collected before 
docetaxel treatment; all patients had received 
ADT; the Eastern Cooperative Oncology Group 
(ECOG) performance status score of all patients 
was ⩽2. The tissues were stored in liquid nitrogen. 
The tissue specimen acquisition was approved by 
the Review Board of Hospital Ethics Committee of 
Jinling Hospital (Nanjing University, China), and 
written informed consent was obtained from all 
patients before specimen collection.

To evaluate the chemotherapeutic response, the 
serum prostate-specific antigen (PSA) levels were 
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measured after each chemotherapy, and a radio-
graphic assessment (i.e. computed tomography, 
magnetic resonance imaging or bone scan) was con-
ducted at every third cycle of chemotherapy. Then, 
the PSA progression-free survival (PFS), radiologic 
PFS, clinical PFS and the OS were documented, 
based on the assessment of the chemotherapeutic 
response. Only when all of the PSA, radiologic, and 
clinical evaluations did not show progression was 
the chemotherapeutic response defined as PFS. 
The PSA PFS, radiologic PFS and clinical PFS 
were defined as the time from the initial docetaxel 
therapy to PSA progression, radiologic progression 
and clinical progression, respectively. OS was calcu-
lated according to the time from the initial docetaxel 
therapy to death or last follow up.

PSA progression was defined as a 25% (at least 2 
ng/ml) or greater increase in the PSA from the 
baseline that persisted for 3 or more weeks. 
Radiological progression was defined as two or 
more new lesions confirmed by computed tomog-
raphy, magnetic resonance imaging or bone scan 
according to the recommendations of the 
Response Evaluation Criteria in Solid Tumor 
version 1.1. Clinical progression was defined as 
deterioration of cancer symptoms, demand for 
higher dose of analgesic or a new onset.

Microribonucleic acid microarray assay
Briefly, prostate cancer cells (LNCap and DU145) 
were treated with 10μg/l docetaxel for 48 h. Then, 
total RNA was isolated with TRIzol reagent (Takara, 
Tokyo, Japan), and miRNAs were obtained with a 
mirVana miRNA isolation kit (Ambion, Austin, TX, 
USA) according to the manufacturer’s instructions. 
The quality and quantity of the RNA samples were 
evaluated with 1% formaldehyde-agarose gel elec-
trophoresis and spectrophotometry (Thermo Fisher 
Scientific, Massachusetts, USA). Fluorescein-
labeled isolated miRNAs were then hybridized with 
an Affymetrix miRNA 4.0 (Affymetrix, Santa Clara, 
CA, USA). The fluorescence signal was measured 
with GeneChip Scanner™ 3000 7G (Thermo Fisher 
Scientific). The data were normalized and analyzed 
with Affymetrix GeneChip Command Console soft-
ware. The miRNAs with a fold change of ⩾2 com-
pared with controls were considered differentially 
expressed miRNAs.

In vitro chemosensitivity assay
Chemosensitivity assay was measured with the 
cell-counting kit 8 (CCK-8) (Dojindo, Kumamoto, 

Japan) assay in accordance with the manufactur-
er’s instructions. Briefly, 3000 prostate cancer cells 
were plated into 96-well plates 24 h after transfec-
tion. Then, cells were treated with different doses 
of docetaxel and cultured for 48 h. And, CCK-8 
solution was added and incubated at 37°C for 4 h. 
Absorbance was detected at 450 nm with a micro-
plate reader (Bio-Rad, USA).

Xenograft transplantation
Approximately 2 × 106 DU145 cells stably trans-
fected with plasmid complementory DNA 
(pcDNA)/microRNA-negative control (miR-
NC), pcDNA/miR-451, control or short hairpin 
(sh)NEDD9#1 were suspended in 100 μl of 
phosphate-buffered saline and injected into the 
flanks of nude mice. Tumor volume was assessed 
with the equation V = a × b2 × 0.5 (mm3; a = 
largest diameter, b = perpendicular diameter). 
Once the tumor volume reached approximately 
50 mm3, 1.0 mg/kg docetaxel (one dose per week, 
with four doses in total) was administered by 
intraperitoneal injection.

After 30 days, some of the mice were sacrificed  
for subsequent studies, and the other mice were  
maintained for further OS studies. Ki67 [1:500,  
monoclonal rabbit immunoglobulin G (IgG)], and 
proliferating cell nuclear antigen (PCNA) (1 μg/ml, 
monoclonal mouse IgG) staining were performed 
according to the manufacturer’s instructions.

Construction of plasmids and cell transfection
pcDNA/miR-451 and pcDNA/miR-NC were con-
structed as described in our previous study.16 The 
primer pairs used for sh-control, shNEDD9#1, 
shNEDD9#2, shNEDD9#3 and pcDNA-NEDD9 
are presented in Supplementary Table 1. The 
siRNA-HDACs, siRNA-NC, and siRNA-Sp1 were 
purchased from GenePharma (Shanghai, China). 
All vectors were confirmed by DNA sequencing.

A luciferase reporter containing the wild-type 3′-
UTR of NEDD9 (pLUC/NEDD9/3′-UTR-wt) 
and a mutant reporter (pluc/NEDD9/3′-UTR-
mut) were constructed by Sagene Technology 
(Guangzhou, China). The human miR-451 pro-
moter construct (−2370/0 miR-451) was gener-
ated from genomic DNA according to the sequence 
(−2370/0) of the 5′-flanking region of the human 
miR-451 gene. Then, the region was amplified 
with polymerase chain reaction (PCR) and cloned 
into the pGL3-basic vector (Promega, San Luis, 
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CA, USA) at KpnI and HindIII sites. The 5′-flank-
ing deletion promoter constructs (−826/0 miR-
451, −416/0 miR-451, −278/0 miR-451, −210/0 
miR-451) were generated with the −2370/0 miR-
451 construct as a template and cloned similarly. 
Mutation of Sp1-binding site-mutant constructs 
was generated with a QuikChange XL site-directed 
mutagenesis kit from Stratagene (La Jolla, CA, 
USA). All primer sequences are presented in 
Supplementary Table 2. The vectors were con-
firmed by DNA sequencing.

Cells were transfected with Turbofect Transfection 
Reagent (Thermo Fisher Scientific) or si-RNA 
Mate (GenePharma, Shanghai, China) in accord-
ance with the manufacturer’s instructions.

Ribonucleic acid extraction, real-time 
quantitative reverse-transcription polymerase 
chain reaction, flow cytometric analysis, dual 
luciferase reporter assay and western blotting
RNA extraction, quantitative reverse-transcrip-
tion polymerase chain reaction (qRT-PCR), flow 
cytometric analysis, dual luciferase reporter assay 
and western blotting were performed as previously 
described.17 The primer pairs of miR-451, U6 
RNA, NEDD9 and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as previously 
described.16,18 The primary antibodies against 
cleaved caspase-3, caspase-3, acetyl-histone H3, 
Sp1, β-actin and GAPDH were used as previously 
described.17 HDAC3 (1:1000, monoclonal mouse 
IgG, immunogen affinity purified), (1:1000,  
polyclonal rabbit IgG, protein A purified), and 
NEDD9 (1:1000, monoclonal rabbit IgG, immu-
nogen affinity purified) were purchased from Cell 
Signaling Technologies (Boston, USA).

Co-immunoprecipitation assay
Co-immunoprecipitation (Co-IP) assay was con-
ducted with a Co-IP kit (Thermo Fisher Scientific) 
in accordance with the manufacturer’s instruc-
tions as previously described.17 Briefly, cell lysate 
was precleared with the control agarose resin. 
Next, 75 μg of affinity-purified antibody (Sp1) 
was coupled into the spin columns. The cell lysate 
was co-immunoprecipitated. The eluted sample 
was evaluated with western blotting.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay 
was performed with Immunoprecipitation Assay 

Kits (Millipore, Billerica, USA) according to our 
previous study.17 The ChIP primers are listed in 
Supplementary Table 3.

Statistical analysis
SPSS software (version 17.0) (SPSS Inc., Chicago, 
IL, USA) was used for statistical analysis. The 
data are shown as means ± standard deviation of 
at least three independent experiments. Multiple 
group comparisons of quantitative data were ana-
lyzed with one-way analysis of variance, and two-
group comparisons of quantitative data were 
performed with Student’s t test. Chi-square test 
was used for category data. The cumulative sur-
vival probability curves were plotted using the 
Kaplan–Meier method and compared with a log-
rank test. A Cox proportional hazards regression 
model was performed to determine prognostic 
factors of PFS and OS. Correlation was deter-
mined by linear regression analysis. p < 0.05 was 
considered statistically significant.

Results

Microribonucleic acid-451 is silenced in 
docetaxel-treated prostate cancer cells 
and tumor tissues and correlated with poor 
prognosis of metastatic castration-resistant 
prostate cancer patients
Recently, docetaxel-based chemotherapies have 
been established as the first-line treatment for 
patients with mCRPC. While the docetaxel-based 
treatment leads to initial tumor regression, most 
of these patients become noncompliant due to the 
emergence of chemoresistance. To understand 
the potential mechanisms of docetaxel chemore-
sistance, the miRNA expression profiles of pros-
tate cancer cells (LNCap and DU145) treated 
with (or without) docetaxel were analyzed with a 
microRNA microarray assay [Figure 1(a)]. In 
total, 17 and 12 miRNAs were found to be upreg-
ulated and downregulated, respectively, in 
LNCap cells treated with docetaxel compared 
with those without docetaxel, while 12 and 14 
miRNAs were upregulated and downregulated, 
respectively, in DU145 cells treated with doc-
etaxel compared with those without docetaxel 
(fold change > 2; Supplementary Table 4). 
Among these miRNAs, miR-451 was identified as 
the significantly downregulated miRNA in doc-
etaxel-treated LNCap and DU145 cells. Then, 
the expression of miR-451 in normal prostate epi-
thelial cells (BPH-1) and several prostate cancer 
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cells was measured, and the data indicated that 
miR-451 was significantly silenced in prostate 
cancer cells compared with that in BPH-1 cells 
[Figure 1(b)]. Moreover, the effects of docetaxel 
on miR-451 expression in prostate cancer cells 
were detected, and the data showed that doc-
etaxel downregulated miR-451 expression in a 
dose- and time-dependent manner [Figure 1(c) 
and 1(d)].

To further understand the clinical significance of 
miR-451 in docetaxel chemoresistance, qRT-PCR 
detection of miR-451 expression was performed in 
normal prostate and tumor tissues [Figure 2(a)]. 
The data revealed that miR-451 was significantly 
downregulated in tumor tissues compared with 
normal prostate tissues [Figure 2(a)]. Furthermore, 
low miR-451 expression was closely associated 
with high Gleason score, high ECOG performance 

status score, visceral metastasis and poor prognosis 
[Figure 2(b); Supplementary Table 5]. A Kaplan–
Meier analysis indicated that low expression of 
miR-451 was significantly correlated with shorter 
PFS and OS [Figure 2(c) and 2(d)]. In addition, 
low expression of miR-451 was identified as an 
independent poor prognostic factor for PFS and 
OS in mCRPC patients by univariate and multi-
variate Cox regression analysis (Supplementary 
Tables 6 and 7).

Restoration of microribonucleic acid-451 
increases chemosensitivity of prostate cancer 
cells to docetaxel both in vitro and in vivo
To further explore the functional role of miR-451 
in promoting chemoresistance of prostate cancer 
cells (LNCap and DU145) to docetaxel, prostate 
cancer cells were transfected with pcDNA/

Figure 1.  Microribonucleic acid-451 is significantly downregulated in docetaxel-treated prostate cancer cells.
(a) A heatmap of differentially expressed miRNAs in DTX-treated prostate cancer cells (LNCap and DU145) compared 
with normal control, which indicated that miR-451 was significantly downregulated in DTX-treated LNCap cells; blue: low 
expression, red: high expression; (b) the relative expression of miR-451 in BPH-1 and prostate cancer cells (LNCap, PC3 and 
DU145); miR-451 expression was determined with qRT-PCR; U6 was used as an internal control; (c) miR-451 expression was 
determined by qRT-PCR in prostate cancer cells treated with different concentrations of DTX for 48 h; U6 was used as an 
internal control; (d) qRT-PCR detection of miR-451 expression in prostate cancer cells treated with DTX (5μg/l) at different 
time points; U6 was used as an internal control; the data are representative of at least three independent experiments 
(means ± standard deviation), #p < 0.05; ##p < 0.01; *p < 0.05; **p < 0.01 compared with the control group.
DTX, docetaxel; miR-451, microribonucleic acid-451; qRT-PCR, quantitative reverse-transcription polymerase chain 
reaction; BPH-1, prostate epithelial cells.
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miR-NC or pcDNA/miR-451 plasmid. miR-451 
expression was significantly upregulated in LNCap 
and DU145 cells transfected with pcDNA/miR-
451 compared with those transfected with pcDNA/
miR-NC [Figure 3(a)]. Then, the half maximal 
inhibitory concentration (IC50) values for doc-
etaxel in pcDNA/miR-NC (or pcDNA/miR-
451)-transfected LNCap and DU145 cells were 
determined with a CCK-8 assay. The data showed 
that the IC50 values of docetaxel in pcDNA/miR-
451-transfected LNCap and DU145 cells (1.21 ± 
0.17 μg/l and 3.41 ± 0.29 μg/l) were significantly 
lower than those in pcDNA/miR-NC-transfected 
LNCap and DU145 cells (3.67 ± 0.40 μg/l and 
7.82 ± 0.61 μg/l) [Figure 3(b)]. Then, a flow 

cytometric analysis was performed to detect early 
apoptosis, and the data indicated that upregulation 
of miR-451 increased early apoptosis in pcDNA/
miR-451-transfected LNCap and DU145 cells 
compared with that in pcDNA/miR-NC-trans-
fected LNCap and DU145 cells [Figure 3(c)]. 
Western blotting detection of cleaved caspase-3 
was conducted in pcDNA/miR-NC (or pcDNA/
miR-451)-transfected LNCap and DU145 cells, 
and the data indicated that the cleaved-caspase-3 
protein level was significantly upregulated in 
pcDNA/miR-451-transfected LNCap and DU145 
cells compared with that in pcDNA/miR-NC-
transfected LNCap and DU145 cells [Figure 3(d) 
and 3(e)].

Figure 2.  Microribonucleic acid-451 is silenced in tumor tissues and correlated with poor prognosis of 
patients with metastatic castration-resistant prostate cancer.
(a) miR-451 expression detected by qRT-PCR in normal prostate tissues (n = 18) and tumor tissues (n = 59); the cut-off 
value (0.895) of tumor tissues was determined by an ROC curve; (b) miR-451 expression levels in normal prostate tissues 
and prostate cancer tissues of varying Gleason scores; (c) Kaplan–Meier analysis of the correlation between miR-451 
expression and PFS of mCRPC patients; (d) Kaplan–Meier analysis of the association between miR-451 expression and OS of 
mCRPC patients.
*p < 0.05; #p < 0.05, ##p < 0.01.
mCRPC, metastatic castration-resistant prostate cancer patients; miR-451, microribonucleic acid-451; OS, overall survival; 
PFS, progression-free survival; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; ROC, receiver 
operating characteristic.
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Next, we investigated the effects of miR-451 on 
chemosensitivity of prostate cancer cells to doc-
etaxel in vivo. First, 2 × 106 DU145 cells stably 
transfected with pcDNA/miR-NC or pcDNA/
miR-451 were subcutaneously inoculated into 
nude mice. Once palpable tumors formed, doc-
etaxel was administered, and tumor volume was 
measured. As shown in Figure 4(a) and 4(b) tumor 
volume and weight in the pcDNA/miR-451 group 
were significantly lower than those in the pcDNA/
miR-NC group. Then, Ki67 and PCNA expres-
sion were examined via immunohistochemistry 
staining, and the cells with positive expression 
were counted. The data indicated that upregula-
tion of miR-451 significantly decreased the rate of 
positive Ki67 and PCNA staining [Figure 4(c) and 

4(d)]. Last, a Kaplan–Meier analysis was con-
ducted to measure OS, and the data indicated that 
high expression of miR-451 was significantly asso-
ciated with longer OS of mice [Figure 4(e)].

Neural-precursor-cell-expressed  
developmentally downregulated protein 9 is a new 
and direct target of microribonucleic acid-451
To unravel the underlying mechanisms by which 
miR-451 participates in regulation of chemosensi-
tivity in prostate cells, candidate target genes were 
searched with two open access software systems 
(TargetScan http://www.targetscan.org/vert_72/ 
and microRNA.org http://www.microrna.org/ 
This was used to predict candidate target genes of 

Figure 3.  Microribonucleic acid-451 sensitizes prostate cancer cells to DTX in vitro.
(a) qRT-PCR detection of miR-451 expression in prostate cancer cells transfected with pcDNA/miR-NC (miR-NC) or pcDNA/
miR-451 (miR-451); U6 was used as an internal control; (b) a CCK-8 assay was performed to detect the IC50 values of DTX 
in pcDNA/miR-NC (or pcDNA/miR-451)-transfected prostate cancer cells; (c) flow cytometric analysis of early apoptosis 
rate of pcDNA/miR-NC (or pcDNA/miR-451)-transfected prostate cancer cells treated without (or with) DTX (5μg/l); (d) and 
(e) western blotting was used to detect cleaved caspase-3 (C-caspase-3) and caspase-3 in pcDNA/miR-NC (or pcDNA/miR-
451)-transfected prostate cancer cells treated without (or with) DTX (5μg/l); β-actin was used as an internal control; the data 
represent the average of three independent experiments (means ± standard deviation), **p < 0.01.
DTX, docetaxel; miR-451, microribonucleic acid-451; pcDNA, plasmid complementory DNA; miR-NC, microRNA-negative control.
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miR-451), and the results indicated that NEDD9 
might be a putative target of miR-451. NEDD9, a 
scaffolding protein, promotes tumor growth and 
EMT and is correlated with poor prognosis in 
lung cancer, hepatocellular carcinoma, and pros-
tate cancer. Thus, NEDD9 might play an impor-
tant role in regulation of chemoresistance. 
Therefore, we then focused on proving this 
hypothesis. First, as shown in Figure 5(a) a sche-
matic representation of the 3′-UTR of NEDD9 is 
depicted with the complementary binding site for 
miR-451. Then, a NEDD9 3′-UTR fragment 
containing the wild (or mutant)-type miR-
451-binding sequence was cloned into down-
stream of the luciferase reporter gene in a 
pLUC-luc vector (pLUC-NEDD9/3′-UTR-wt 
and pLUC-NEDD9/3′-UTR-mut). Next, 
pcDNA/miR-NC or pcDNA/miR-451 was 
cotransfected into DU145 cells transfected with 

wild-type (or mutant) 3′-UTR reporter plasmids, 
and the data indicated that luciferase activity in 
pcDNA/miR-451-transfected DU145 cells 
cotransfected with the wild-type 3′-UTR reporter 
plasmid was significantly inhibited compared with 
that in the pcDNA/miR-NC group [Figure 5(b)]. 
However, there was no difference in the mut-type 
3′-UTR reporter plasmid-transfected DU145 
cells [Figure 5(b)]. Then, qRT-PCR and western 
blotting detection of NEDD9 messenger ribonu-
cleic acid (mRNA) and protein expression were 
performed in a normal prostate epithelial cell 
line (BPH-1) and prostate cancer cells, and the 
results indicated that NEDD9 mRNA and pro-
tein expression were significantly upregulated in 
prostate cancer cells compared with that in 
BPH-1 cells [Figure 5(c) and 5(d)]. Finally, 
qRT-PCR and western blotting detection of 
NEDD9 mRNA and protein expression were 

Figure 4.  Microribonucleic acid-451 enhances in vivo chemosensitivity of prostate cancer cells to docetaxel.
(a) Tumor growth was measured by tumor volume in nude mice subcutaneously transplanted with pcDNA/miR-NC (or 
pcDNA/miR-451)-transfected DU145 cells combined with DTX treatment; the data are displayed as the means ± standard 
deviation, **p < 0.01; (b) tumor weight of xenograft tumors at the end of the treatment period; the data are presented as the 
means ± standard deviation, **p < 0.01; (c) and (d) the positive rate of Ki67 and PCNA expression in tumors developed from 
pcDNA/miR-NC (or pcDNA/miR-451)-transfected DU145 cells combined with DTX treatment; the data are presented as the 
means ± standard deviation, **p < 0.01; (e) Kaplan–Meier analysis of OS of nude mice subcutaneously transplanted with 
pcDNA/miR-NC (or pcDNA/miR-451)-transfected DU145 cells combined with DTX treatment.
pcDNA, ; DTX, docetaxel; miR-NC, microribonucleic acid-451; miR-451, ; PCNA, proliferating cell nuclear antigen; OS, 
overall survival.
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performed in prostate cancer cells transfected 
with pcDNA/miR-NC (miR-NC) or pcDNA/
miR-451 (miR-451), and the data indicated that 
NEDD9 mRNA and protein expression were 

significantly suppressed in prostate cancer cells 
transfected with pcDNA/miR-451compared 
with those transfected with pcDNA/miR-NC 
[Figure 5(e) and 5(f)].

Figure 5.  Neural-precursor-cell-expressed developmentally downregulated protein 9 is identified as a direct 
target of microribonucleic acid-451 .
(a) Schematic representation of the 3′-UTR of NEDD9 with a complementary binding site for miR-451; a NEDD9 3′-UTR 
fragment containing the wild (or mutant)-type miR-451-binding sequence was cloned the downstream of the luciferase 
reporter gene in a pLUC-luc vector; (b) determination of relative luciferase activity after co-transfection with pcDNA/miR-
NC or pcDNA/miR-451 into DU145 cells transfected with wild-type (or mutant) 3′-UTR reporter plasmids; the histogram 
represents the means ± standard deviation of the normalized luciferase activity from three independent experiments 
performed in triplicate; (c) the relative expression of NEDD9 mRNA in BPH-1 and prostate cancer cells (LNCap, PC3 and 
DU145); NEDD9 mRNA expression was determined with qRT-PCR; GAPDH was used as an internal control; the data are 
presented as the means ± standard deviation of three independent experiments performed in triplicate; (d) western 
blotting was used to detect NEDD9 protein expression in BPH-1 and prostate cancer cells (LNCap, PC3 and DU145); 
(e) qRT-PCR detection of NEDD9 mRNA expression in prostate cancer cells transfected with pcDNA/miR-NC (miR-NC) 
or pcDNA/miR-451 (miR-451); GAPDH mRNA was used as an internal control; the data are presented as the means ± 
standard deviation of three independent experiments performed in triplicate; (f) western blotting analysis of the NEDD9 
protein level in prostate cancer cells transfected with pcDNA/miR-NC (miR-NC) or pcDNA/miR-451 (miR-451); **p < 0.01.
hsa, homo sapiens; NEDD9, neural-precursor-cell-expressed developmentally downregulated protein 9; mRNA, messenger 
ribonucleic acid; BPH-1, normal prostate epithelial cell line; qRT-PCR, quantitative reverse-transcription polymerase chain 
reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pcDNA, ; miR-NC, ; miR-451, microribonucleic acid-451; 
polyA, polyadenylic acid.
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Inhibition of neural-precursor-cell-expressed 
developmentally downregulated protein 
9 phenocopies the biological functions of 
microribonucleic acid-451 in prostate cancer cells
To further define whether NEDD9 is a functional 
target of miR-451 in prostate cancer cells, prostate 
cancer cells were transfected with shRNA(sh)
NEDD9#1, shNEDD9#2, shNEDD9#3 or con-
trol, and the qRT-PCR data indicated that 
shNEDD9#1 was the most efficient shRNA against 
NEDD9 [Figure 6(a)]. Next, a CCK-8 assay was 
conducted to detect the IC50 values for docetaxel 
in shNEDD9#1 (or control)-transfected LNCap 
and DU145 cells. The data showed that the IC50 
value for docetaxel in shNEDD9#1-transfected 
LNCap and DU145 cells was significantly lower 
than that in the control group [Figure 6(b)]. Then, 
a flow cytometric analysis was performed to detect 
early apoptosis, and the data indicated that inhibi-
tion of NEDD9 significantly increased early apop-
tosis in LNCap and DU145 cells [Figure 6(c)]. 
Furthermore, NEDD9 suppression reversed EMT 
to mesenchymal epithelial transition (MET) in 
prostate cancer cells [Figure 6(d)].

Then, we focused on exploring the effects of 
NEDD9 on chemoresistance of prostate cancer 
cells to docetaxel in vivo. Briefly, 2 × 106 DU145 
cells stably transfected with control or 
shNEDD9#1 were subcutaneously inoculated 
into nude mice. When palpable tumors had 
formed, docetaxel was administered, and tumor 
volume was measured. Tumor volume in the 
shNEDD9#1 group increased more slowly in 
comparison with that in the control group [Figure 
6(e)]. Then, Ki67 and PCNA expression were 
examined with immunohistochemistry staining, 
and the results indicated that suppression of 
NEDD9 significantly decreased the rate of Ki67- 
and PCNA-positive cells [Figure 6(f)]. Finally, a 
Kaplan–Meier analysis was performed to detect 
OS, which indicated that NEDD9 inhibition was 
significantly associated with longer OS of mice 
[Figure 6(g)]. Therefore, downregulation of 
NEDD9 mimics the biological functions of miR-
451 in prostate cancer cells.

Restoration of neural-precursor-cell-expressed 
developmentally downregulated protein 9 partially 
abrogates the effects of microribonucleic acid-451 
on enhancing chemosensitivity of prostate cancer 
cells
To further confirm the role of NEDD9 in miR-451 
signaling, pcDNA/control or pcDNA/NEDD9 was 

synthesized and transfected into prostate  
cancer cells. As shown in Supplementary Figure 
1(a), pcDNA/NEDD9 significantly upregulated 
NEDD9 mRNA expression in prostate cancer cells 
transfected with pcDNA/NEDD9 in comparison 
with that in the control group. Intriguingly, the 
IC50 values of DTX in pcDNA/miR-451- 
transfected prostate cancer cells were partially  
rescued by transfection with pcDNA/NEDD9 
[Supplementary Figure 1(b)]. In addition, early 
apoptosis and cleaved caspase-3 expression in the 
pcDNA/miR-451-transfected prostate cancer cells 
were partially reversed by transfection with pcDNA/
NEDD9 [Supplementary Figure 1(c) and (d)].

Neural-precursor-cell-expressed developmentally 
downregulated protein 9 is inversely correlated 
with microribonucleic acid-451 and upregulated 
in metastatic castration-resistant prostate cancer 
tissues
To further interrogate the clinicopathological sig-
nificance of NEDD9 and the correlation between 
NEDD9 and the miR-451 level, we first detected 
the NEDD9 mRNA expression in normal prostate 
and tumor tissues, and the data indicated that 
NEDD9 mRNA expression was significantly 
upregulated in tumor tissues compared with that in 
normal prostate tissues [Supplementary Figure 
2(a)]. Interestingly, the Kaplan–Meier analysis 
indicated that high expression of NEDD9 was sig-
nificantly correlated with shorter PFS and OS 
[Supplementary Figure 2(b) and (c)]. Additionally, 
high expression of NEDD9 was identified as an 
independent poor prognostic factor for PFS and 
OS in mCRPC patients by univariate and multi-
variate Cox regression analysis (Supplementary 
Tables 6 and 7). Next, a statistically significant 
inverse correlation was verified between NEDD9 
and miR-451 by linear regression analysis [r = 
−0.592, p < 0.01; Supplementary Figure 2(d)].

Histone deacetylase 3 is involved in silencing 
of microribonucleic acid-451 expression in 
prostate cancer cells
HDACs have been regarded as one of the most 
important epigenetic mechanisms governing gene 
expression. To further ascertain whether HDACs 
are responsible for silencing of miR-451 in prostate 
cancer cells, HDAC inhibitor TSA was adminis-
tered to prostate cancer cells. qRT-PCR indicated 
that treatment with TSA significantly upregulated 
miR-451 expression, which indicated that HDACs 
might be a potential epigenetic factor involved in 
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silencing of miR-451 expression in prostate cancer 
cells [Supplementary Figure 3(a)]. Next, to further 
define the specific HDACs responsible for regula-
tion of miR-451 expression, small interfering 
RNAs (siRNAs) against eleven isoforms of HDACs 
were transfected into prostate cancer cells, and 
qRT-PCR demonstrated that siRNA against 
HDAC3 (siRNA-HDAC3) significantly upregu-
lated miR-451 expression [Supplementary Figure 
3(b)]. Next, western blotting revealed that HDAC3 
protein expression was upregulated in prostate 
cancer cells compared with that in BPH-1 cells 
[Supplementary Figure 3].

HDACs are unable to bind to DNA directly due to 
lack of a DNA binding domain, and they interact 
with DNA through specific proteins. Sp1 partici-
pates in the transcriptional regulation of genes 
associated with chemoresistance. First, we focused 
on elucidating whether HDAC3 could interact 
with Sp1, and co-immunoprecipitation (Co-IP) 
data revealed that HDAC3 co-immunoprecipi-
tated with Sp1 in vivo in prostate cancer cells 
[Supplementary Figure 3(d)]. Next, the results of 
a qRT-PCR analysis indicated that HDAC3 medi-
ated miR-451 expression in an Sp1-dependent 
manner [Supplementary Figure 3(e)].

To further define HDAC3/Sp1 signaling-medi-
ated regulation of miR-451 expression, the pro-
moter region of the miR-451 gene was analyzed 
using open online databases (Consite and 
PROMO), and four putative complementary Sp1 
binding sites were found and are depicted in the 
schematic of the human miR-451 promoter 
[Supplementary Figure 3(f)]. Then, serially trun-
cated and site-mutated regions of the miR-451 
promoter were constructed and cloned into a 
pGL3-basic vector [Supplementary Figure 3(f)]. 
Next, the above-luciferase reporter vectors were 
then cotransfected into DU145 cells with Renilla 
luciferase and siRNA-HDAC3 (or siRNA-NC) 
[Supplementary Figure 3(f)]. Then, the relative 
luciferase activity was measured with a dual-lucif-
erase reporter assay, and the results demonstrated 
that the second and fourth Sp1 binding sites were 
responsible for HDAC3-mediated miR-451 
silencing [Supplementary Figure 3(f)]. To further 
confirm that Sp1 interacted with the second and 
fourth Sp1 binding sites in vivo, a chromatin 
immunoprecipitation (ChIP) assay was per-
formed in DU145 cells with antibodies directly 
against Sp1, and the data indicated that Sp1 
bound to the second and fourth Sp1 binding sites 
in vivo [Supplementary Figure 3(g)]. Next, a 
ChIP assay further demonstrated that inhibition 

of HDAC3 increased the histone-H3 acetylation 
level of the miR-451 promoter at Sp1-binding 
sites [Supplementary Figure 3(h)]. Intriguingly, 
IC50 values indicated that HDAC3 mediated che-
mosensitivity in an miR-451-dependent manner 
[Supplementary Figure 3(i)].

In summary, the current data revealed a new 
HDAC3/Sp1/miR-451/NEDD9 signaling axis that 
regulates the chemosensitivity of prostate cancer 
cells (Supplementary Figure 4). HDAC3-mediated 
silencing of miR-451 decreases chemosensitivity of 
patients with metastatic castration-resistant pros-
tate cancer by targeting NEDD9. This new signal-
ing axis suggests novel therapeutic targets for 
chemosensitizing prostate cancer.

Discussion
Recently, miRNAs have been extensively studied 
in various types of cancers and aberrant expres-
sion of miRNAs is critically involved in the chem-
oresistance and progression of cancers, including 
mCRPC.15,19,20 Nevertheless, the underlying 
mechanisms contributing to docetaxel resistance 
in prostate cancer remain largely unknown and 
need to be further elucidated. To address this 
issue, miRNA expression profiles in prostate can-
cer cells treated with (or without) docetaxel were 
analyzed with a microRNA microarray assay and 
29 miRNAs were dysregulated in prostate cancer 
cells treated with docetaxel compared with those 
without docetaxel treatment. Among these miR-
NAs, miR-451 was identified as the most down-
regulated miRNA in docetaxel-treated prostate 
cancer cells. Importantly, prior studies have 
shown that downregulation of miR-451 contrib-
utes to a malignant phenotype in several types of 
cancers. For instance, it has been shown that 
miR-451 was downregulated in colorectal cancer 
stem cells, and upregulation of miR-451 induced 
a decrease in tumorigenicity, self-renewal, and 
chemoresistance to irinotecan in colorectal can-
cer stem cells.21 Another study revealed that miR-
451 was downregulated in hepatoma cell lines, 
and restoration of miR-451 decreased cell viabil-
ity and accelerated cell apoptosis in a caspase-
3-dependent manner.22 In addition, miR-451 has 
also been reported to be significantly downregu-
lated in docetaxel-resistant lung adenocarcinoma 
cells, and restoration of miR-451 inhibited inva-
sion and metastasis of docetaxel-resistant lung 
adenocarcinoma cells both in vitro and in vivo.23

In this manuscript, miR-451 was found to be 
downregulated in docetaxel-treated prostate 
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cancer cells and mCRPC tissues. Furthermore, 
low miR-451 expression was closely associated 
with high Gleason score, high ECOG perfor-
mance status score, visceral metastasis and poor 
prognosis. Low expression of miR-451 was sig-
nificantly correlated with shorter PFS and OS 
based on a Kaplan–Meier analysis. Moreover, 
low expression of miR-451 was identified as an 
independent poor prognostic factor for PFS and 
OS in mCRPC patients by univariate and multi-
variate Cox regression analysis. Intriguingly, res-
toration of miR-451 increased the chemosensitivity 
of prostate cancer cells to docetaxel both in vitro 
and in vivo.

It is well known that miRNAs exert their biologi-
cal effects by regulating their specific targeting 
genes. Accordingly, by in silico analysis with 
TargetScan and miRanda algorithms, NEDD9 
was identified as a new target of miR-451. 
Overexpression of the NEDD9 scaffolding pro-
tein promotes tumor EMT and metastasis and is 
correlated with poor prognosis in several types of 
cancers, including lung cancer, hepatocellular 
carcinoma, and breast cancer. NEDD9 promoted 
lung cancer cell migration and invasion via induc-
tion of EMT and significantly inhibited metasta-
sis of lung cancer in vivo.24 Furthermore, NEDD9 
was upregulated in liver tumor models and was 
associated with worse prognosis in human hepa-
tocellular carcinoma.25 Additionally, re-expres-
sion of NEDD9 was able to restore matrix 
metalloproteinase-14 activity and promoted inva-
sion of breast cancer cells, while NEDD9 inhibi-
tion decreased primary tumor growth and 
suppressed metastasis in xenograft models of 
breast cancer.26 Here, NEDD9 was shown to be 
inversely correlated with miR-451 and signifi-
cantly upregulated in prostate cancer cells and 
mCRPC tissues. Moreover, NEDD9 suppression 
phenocopied the biological functions of miR-451 
and reversed EMT to MET in prostate cancer 
cells, which might be a potential mechanism for 
regulation of chemoresistance in prostate cancer 
cells. As expected, restoration of NEDD9 par-
tially reversed the effects of miR-451 on enhanc-
ing chemosensitivity of prostate cancer cells.

Despite recent advancements, the mechanisms 
responsible for dysregulation of miRNAs remain 
largely unclear. Histone acetylation, modulated by 
HDACs that remove acetyl functional groups from 
lysine residues around gene promoters, represents 
one of the critical epigenetic mechanisms that tran-
scriptionally regulate gene expression during tumor 

development.27,28 Recently, HDACs have been 
shown to be one of the most important epigenetic 
factors governing gene expression, and they regu-
late various pathological processes, including 
chemoresistance, through transcriptional regula-
tion of genes.29–32 Accordingly, treatment with an 
HDAC inhibitor efficiently suppressed cell growth 
of prostate cancer lines through post-transcriptional 
upregulation of miR-320a that was correlated with 
prostate cancer prognosis.33 Furthermore, miR-
320a inhibition significantly abrogated the growth 
suppression induced by HDAC inhibitor treat-
ment.33 Intriguingly, our manuscript indicated that 
the HDAC inhibitor TSA significantly upregulated 
miR-451 expression. Moreover, HDAC3 was spe-
cifically identified as being involved in silencing of 
miR-451 expression in prostate cancer cells.

Due to lack of a DNA binding domain, HDAC3 
is unable to bind to DNA directly and interacts 
with DNA through specific proteins. Sp1 is a 
highly evolutionarily conserved transcription fac-
tor that has been generally thought to participate 
in transcriptional regulation of genes related to 
cell proliferation, apoptosis, EMT and chemore-
sistance.34–37 Intriguingly, HDAC1 interacts with 
Sp1 within the miR-29b regulatory sequence, and 
HDAC1 inhibition results in higher miR-29b 
expression in acute myeloid leukemia.38 
Moreover, Sp1 recruits HDAC4 to the miR-200a 
promoter, leading to miR-200a inhibition that 
promotes proliferation and migration of hepato-
cellular carcinoma cells.39 In this study, by analy-
sis of the promoter region of miR-451 with two 
open online databases (Consite and PROMO) 
and a series of molecular biology experiments, 
two complementary Sp1 binding sites were iden-
tified in the miR-451 promoter. Furthermore, 
HDAC3 was found to interact with Sp1 in vivo, 
and inhibition of HDAC3 increased the histone-
H3 acetylation level in the miR-451 promoter at 
Sp1-binding sites and decreased the IC50 value in 
an miR-451-dependent manner. Thus, our study 
revealed that Sp1 could recruit HDAC3 to the 
promoter region of miR-451, resulting in miR-
451 inhibition and promoting chemoresistance of 
prostate cancer cells.

Altogether, to our knowledge, this is the first study 
to reveal a novel HDAC3/Sp1/miR-451/NEDD9 
signaling axis that regulates chemosensitivity of 
prostate cancer cells. miR-451 increased chemo-
sensitivity by targeting NEDD9 in prostate cancer 
cells. Moreover, HDAC3 mediated silencing of 
miR-451 in an Sp1-dependent manner. Therefore, 
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this new signaling axis represents a novel therapeu-
tic target for chemosensitizing prostate cancer.
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