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Suppression of miR-4735-3p in androgen  
receptor-expressing prostate cancer cells  
increases cell death during chemotherapy
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Abstract: MicroRNAs (miRNAs) play critical roles in the tumorigenesis of prostate cancer, while the biological func-
tion of miR-4735-3p is unknown. Mitogen-activated protein kinase kinase kinase 1 (MEKK1) has been shown to 
induce androgen receptor (AR)-dependent apoptosis in prostate cancer cells, but the regulation of MEKK1 in pros-
tate cancer cells remains poorly defined. Here, we showed that miR-4735-3p was a MEKK1-targeting miRNA, and 
was highly expressed in AR+ prostate cancer specimens. Moreover, the levels of miR-4735-3p and MEKK1 inversely 
correlated. MiR-4735-3p-low subjects had a better overall survival, compared to miR-4735-3p-high subjects. MiR-
4735-3p targeted the 3’-UTR of MEKK1 mRNA to inhibit its protein translation. Overexpression of miR-4735-3p 
inhibited MEKK1-mediated cell apoptosis upon docetaxel treatment, while depletion of miR-4735-3p enhanced it. 
Together, our data suggest that miR-4735-3p may suppress MEKK1-mediated prostate cancer cell apoptosis during 
chemotherapy. Inhibition of miR-4735-3p may improve the outcome of chemotherapy for some prostate cancers.
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Introduction

Prostate cancer is a malignant tumor that com-
monly occurs in older men. Although advances 
in modern medicine have greatly improved the 
prognosis of prostate cancer, satisfactory ther-
apeutic outcome does not occur in every 
instance [1-4]. The current standard of care for 
the treatment of metastatic prostate cancer is 
docetaxel chemotherapy. However, prostate 
cancer cells may activate autophagy machinery 
to resist apoptotic cell death, with undeter-
mined molecular mechanisms [5-7]. The resis-
tance of a specific cancer to a specific chemo-
therapy may result from enhanced anti-apop- 
totic potentials of the cancer cells [8-10]. Ce- 
llular apoptosis is regulated by apoptosis acti-
vating proteins and apoptosis suppressors [11-
17]. Hence, great efforts have been made to 
understand the molecular carcinogenesis of 
prostate cancer, as well as to search an effec-
tive molecular therapy to assist the surgery and 
chemotherapy [18]. 

Mitogen activated protein (MAP) kinase path-
way regulates androgen receptor (AR)-mediated 

gene regulation and the prostate cancer cell 
phenotype. Activation of MAP kinase kinase 
kinase 1 (MEKK1) signaling in prostate cancer 
cells has been shown to result in the down-
stream activation of MKK4 (SEK1) and subse-
quently JNK [19], which is associated with 
diverse outcomes including cell apoptosis in 
response to growth factor deprivation or with-
drawal of extracellular matrix [20]. Constitutively 
active alleles of MEKK1 induce apoptosis in 
diverse cell types, including AR+ prostate can-
cer cells [21]. However, the regulation of MEKK1 
in prostate cancer cells is not fully understood.

Growing evidence has suggested that aberrant 
expression of microRNAs (miRNAs) is involved 
in prostate cancer initiation, progression, out-
growth, metastases and resistance to chemo-
therapy [22-24]. MiRNAs are non-coding small 
RNAs that regulate the gene expression at pro-
tein level, through their base-pairing with the 
3’-untranslated region (3’-UTR) of the mRNA of 
the target gene [25, 26]. The levels of a specific 
protein could be controlled by gene expression, 
protein translation and protein degradation. 
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Thus, miRNAs play a critical role in regulating 
intracellular protein levels in many biological 
events including tumorigenesis. However, miR-
4735-3p is a rarely studied miRNA, and its 
involvement in the carcinogenesis is ill-defin- 
ed. 

Here, we examined the MEKK1-targeting miR-
NAs in the regulation of MEKK1 by miR-4735-
3p in AR+ prostate cancer specimens and cells.

Materials and methods

Patient tissue specimens

Thirty-eight resected prostate cancer speci-
mens [paired prostate cancer (PC) and the 
adjacent non-tumor tissue (NT)] in this study 
were histologically and clinically diagnosed at 
Tongji Hospital from 2007 to 2009. All these 
specimens are AR+. For the use of these clini-
cal materials for research purposes, prior 
patient’s consents and approval from the 
Institutional Research Ethics Committee were 
obtained. 

Cell line and reagents

A human AR+ prostate cancer cell line LNCap 
was purchased from American Type Culture 
Collection (ATCC, Rockville, MD, USA). LNCap 
Cells were maintained in 1:1 mixture of 
Dulbecco’s modified Eagle’s medium (DMEM, 
Invitrogen, St. Louis, MO, USA) and Ham’s F12 
medium (Invitrogen) supplemented with L-glu- 
tamine and 10% fetal bovine serum (FBS; 
Sigma-Aldrich, St Louis, MO, USA) in a humidi-
fied chamber with 5% CO2 at 37°C. Docetaxel 
(Sigma-Aldrich) was prepared in a stock of 1 
mmol/l and applied to the cultured prostate 
cancer cells at 5 µmol/l. 

Plasmid transfection

MiR-4735-3p-expressing and antisense plas-
mids were all prepared using a backbone plas-
mid containing a GFP reporter under CMV pro-
moter (pcDNA3.1-CMV-GFP, Clontech, Moun- 
tain View, CA, USA). The miR-4735-3p mimic, 
antisense, and control null plasmids were all 
purchased from Sigma-Aldrich, and digested 
with Xhol and BamHI and subcloned with a 2A 
into a pcDNA3.1-CMV-GFP backbone [27]. 
Sequencing was performed to confirm the cor-
rect orientation of the new plasmid. Transfection 

was performed with Lipofectamine 2000 re- 
agent (Invitrogen) using 1 µg plasmids, accord-
ing to the instructions of the manufacturer. One 
day after transfection, the transfected cells 
were purified by flow cytometry based on their 
expression of GFP. 

Western blot

The protein was extracted from the prostate 
cancer or NT specimens, or from cultured cells, 
in RIPA lysis buffer (1% NP40, 0.1% SDS, 100 
μg/ml phenylmethylsulfonyl fluoride, 0.5% sodi-
um deoxycholate, in PBS) on ice. The superna-
tants were collected after centrifugation at 
12000× g at 4°C for 20 min. Protein concentra-
tion was determined using a BCA protein assay 
kit (Bio-rad, China), and whole lysates were 
mixed with 4× SDS loading buffer (125 mmol/l 
Tris-HCl, 4% SDS, 20% glycerol, 100 mmol/l 
DTT, and 0.2% bromophenol blue) at a ratio of 
1:3. Samples were heated at 100°C for 5 min 
and were separated on SDS-polyacrylamide 
gels. The separated proteins were then trans-
ferred to a PVDF membrane. The membrane 
blots were first probed with a primary antibody. 
After incubation with horseradish peroxidase-
conjugated second antibody, autoradiograms 
were prepared using the enhanced chemilumi-
nescent system to visualize the protein antigen. 
The signals were recorded using X-ray film. 
Primary antibodies were rabbit anti-MEKK1 
and anti-α-tubulin (Cell Signaling, San Jose, CA, 
USA). Secondary antibody is HRP-conjugated 
anti-rabbit (Jackson ImmunoResearch Labs, 
West Grove, PA, USA). Blotting images were rep-
resentative from 5 repeats. α-tubulin was used 
as a protein loading control. The protein levels 
were first normalized to α-tubulin, and then nor-
malized to the experimental controls. Den- 
sitometry of Western blots was quantified with 
NIH ImageJ software (Bethesda, MD, USA).

Quantitative RT-PCR

Total RNA was extracted from tissue specimens 
or from cultured cells with miRNeasy mini kit 
(Qiagen, Hilden, Germany). Complementary 
DNA (cDNA) was randomly primed from 2 μg of 
total RNA using High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster 
City, CA, USA). RT-qPCR was subsequently per-
formed in triplicate with QuantiTect SYBR Green 
PCR Kit (Qiagen). All primers were purchased 
from Qiagen. Data were collected and analyzed 
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using 2-ΔΔCt method for quantification of the 
relative mRNA expression levels. Values of 
genes were first normalized against α-tubulin, 
and then compared to the experimental 
controls.

MiRNA target prediction and 3’-UTR luciferase-
reporter assay 

MiRNAs targets were predicted as has been 
described before, using the algorithms Target- 
San (https://www.targetscan.org) [28]. Lucifer- 
ase-reporters were successfully constructed 
using molecular cloning technology. Plasmids 
for MEKK1 miRNA 3’-UTR clone and MEKK1 
miRNA 3’-UTR with a site mutation at the miR-
4735-3p binding site were purchased from 

Creative Biogene (Shirley, NY, USA). MiR-4735-
3p-modified prostate cancer cells were seeded 
in 24-well plates for 24 hours, after which they 
were transfected with 1 μg of Luciferase-re- 
porter plasmids per well. Luciferase activities 
were measured using the dual-luciferase re- 
porter gene assay kit (Promega, Beijing, China), 
according to the manufacturer’s instructions.

Cell viability by cell counting kit-8 (CCK-8) as-
say

The CCK-8 detection kit (Sigma-Aldrich) was 
used to measure cell viability according to the 
manufacturer’s instructions. Briefly, cells were 
seeded in a 96-well microplate at a density of 
5×104/ml. After 24 h, cells were treated with 

Figure 1. The levels of miR-4735-3p and MEKK1 inversely correlate in AR+ prostate cancer specimens. RT-qPCR on 
miR-4735-3p and Western blot for MEKK1 were performed on paired AR+ prostate cancer (PC) and the adjacent 
non-tumor tissues (NT) from 38 patients. A. miR-4735-3p levels. B. MEKK1 levels. C. A Correlation test between 
MEKK1 and miR-4735-3p. D. The 38 patients were followed-up for survival. The median value of all cases was 
chosen as the cutoff point for separating miR-4735-3p-high cases (n=19) from miR-4735-3p-low cases (n=19). 
Kaplan-Meier curves were performed to evaluate the overall survival of the AR+ prostate cancer patients, based on 
miR-4735-3p levels. *P<0.05. N=38.



Suppression of MEKK1 by miR-4735-3p in PC

3717 Am J Transl Res 2017;9(8):3714-3722

resveratrol. Subsequently, CCK-8 solution (20 
ml/well) was added and the plate was incubat-
ed at 37°C for 2 hours. The viable cells were 
counted by absorbance measurements with a 
monochromator microplate reader at a wave-
length of 450 nm. The optical density value 
was reported as the percentage of cell viability 
in relation to the control group (set as 100%).

Apoptosis assay by flow cytometry

The cultured cells were re-suspended at a den-
sity of 106 cells/ml in PBS. After double staining 
with FITC-Annexin V and propidium iodide (PI) 
from a FITC Annexin V Apoptosis Detection Kit I 
(Becton-Dickinson Biosciences, San Jose, CA, 
USA), cells were analyzed using FACScan flow 
cytometer (Becton-Dickinson Biosciences) 
equipped with Cell Quest software (Becton-
Dickinson Biosciences) for determination of 
Annexin V+ PI- apoptotic cells.

Statistical analysis

All data were statistically analyzed using one-
way ANOVA with a Bonferroni correction, fol-
lowed by Fisher’s Exact Test for comparison of 
two groups (GraphPad Prism, GraphPad Soft- 
ware, Inc. La Jolla, CA, USA). Bivariate correla-
tions were calculated by Spearman’s Rank 
Correlation Coefficients. Kaplan-Meier curves 
were used to analyze the patient survival by 
miR-4735-3p levels. All values are depicted as 
mean ± standard deviation and are considered 
significant if P<0.05.

Results

The levels of miR-4735-3p and MEKK1 in-
versely correlate in AR+ prostate cancers

We detected significantly higher levels of miR-
4735-3p (Figure 1A), and significantly lower 
levels of MEKK1 in AR+ prostate cancer speci-

Figure 2. MiR-4735-3p targets 3’-UTR of MEKK1 mRNA to inhibit its expression. A. Bioinformatics analyses showing 
binding of miR-4735-3p to the 3’-UTR of MEKK1 mRNA. B. We either overexpressed miR-4735-3p, or inhibited miR-
4735-3p in a human AR+ prostate cancer cell line, LNCap, by transfection of the cells with a miR-4735-3p-express-
ing plasmid (LNCap-miR-4735-3p), or with a plasmid carrying miR-4735-3p antisense (LNCap-as-miR-4735-3p). 
The LNCap cells were also transfected with a plasmid carrying a null sequence as a control (LNCap-null). The 
modification of miR-4735-3p levels in LNCap cells was confirmed by RT-qPCR. C. MiR-4735-3p-modified LNCap cells 
were transfected with 1 μg of MEKK1-3’UTR luciferase-reporter plasmid. The luciferase activities were examined. 
*P<0.05. N=5.
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mens (Figure 1B), compared to the paired adja-
cent non-tumor tissues (NT) in 38 prostate can-
cer specimens. To examine the relationship 
between miR-4735-3p and MEKK1, we exam-
ined the levels of miR-4735-3p and MEKK1 in 
these AR+ prostate cancer specimens. A strong 
inverse correlation was detected between miR-
4735-3p and MEKK1 (Figure 1C, γ=-0.63, P< 
0.0001). These data suggest presence of a 
causal link between miR-4735-3p and MEKK1 
in AR+ prostate cancer cells. Next, we investi-
gated whether the levels of miR-4735-3p may 
correlate with overall survival of AR+ prostate 
cancer patients. The survival of the 38 patients 
were analyzed. The median value of all 38 
cases was chosen as the cutoff point for sepa-
rating miR-4735-3p-high cases (n=19) from 
miR-4735-3p-low cases (n=19). Kaplan-Meier 
curves were performed, showing that miR-
4735-3p-low AR+ prostate cancer patients had 
a significantly better overall survival, compared 
to miR-4735-3p-high AR+ prostate cancer 
patients (Figure 1D).

MiR-4735-3p targets 3’-UTR of MEKK1 mRNA 
to inhibit its translation in AR+ prostate cancer 
cells

Since our data suggest a relationship between 
miR-4735-3p and MEKK1 in prostate cancer 

cells, we checked whether miR-4735-3p may 
target MEKK1 mRNA to suppress its transla-
tion. Bioinformatics analyses predicted a miR-
4735-3p binding site at the 3’-UTR of MEKK1 
mRNA ranged from 2270th to 2277th base site 
(Figure 2A). In order to figure out whether the 
binding of miR-4735-3p to MEKK1 mRNA in 
AR+ prostate cancer cells is functional, we 
either overexpressed miR-4735-3p, or inhibit-
ed miR-4735-3p in a human AR+ prostate can-
cer cell line, LNCap cells, by transfecting the 
cells with plasmids carrying either a miR-
4735-3p-mimic (LNCap-miR-4735-3p), or a 
miR-4735-3p antisense (LNCap-as-miR-4735-
3p). The LNCap cells were also transfected with 
a plasmid carrying null sequence as a control 
(LNCap-null). The overexpression or inhibition 
of miR-4735-3p in LNCap cells was confirmed 
by RT-qPCR (Figure 2B). MiR-4735-3p-modified 
LNCap cells were then transfected with 1 μg of 
MEKK1 3’-UTR luciferase-reporter plasmid or 
with 1 μg of MEKK1 3’UTR luciferase-reporter 
plasmid with a site mutation between 2270th to 
2277th base site. The luciferase activities were 
quantified in these cells, suggesting that the 
binding of miR-4735-3p to 3’-UTR of MEKK1 
mRNA results in suppression of MEKK1 protein 
translation (Figure 2C).

Figure 3. MiR-4735-3p decreases MEKK1 protein, but not mRNA, in AR+ prostate cancer cells. (A, B) The MEKK1 
mRNA levels (A) and protein levels (B) in miR-4735-3p-modified LNCap cells. *P<0.05. NS: non-significant. N=5.
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MiR-4735-3p reduces MEKK1 protein, but not 
mRNA, in AR+ prostate cancer cells

We found that modification of miR-4735-3p lev-
els in LNCap cells did not change mRNA levels 
of MEKK1 (Figure 3A). However, overexpres-
sion of miR-4735-3p significantly decreased 
MEKK1 protein levels, while depletion of miR-
4735-3p significantly increased MEKK1 protein 
levels in LNCap cells, by Western blot (Figure 
3B). These data confirm that miR-4735-3p 
inhibits translation of the MEKK1 mRNA in AR+ 
prostate cancer cells.

MiR-4735-3p decreases Docetaxel-induced 
AR+ prostate cancer cell apoptosis

Next, we examined the effects of miR-4735-3p 
modification on prostate cancer cell viability at 
presence of Docetaxel in a CCK-8 assay. We 

found that overexpression of miR-4735-3p 
resulted in increases in cell viability of LNCap 
cells, and depletion of miR-4735-3p resulted in 
decreases in cell viability of LNCap cells (Figure 
4A). Then we did fluorescence-based apoptosis 
assay, and found that overexpression of miR-
4735-3p resulted in decreases in LNCap cell 
apoptosis, and depletion of miR-4735-3p 
resulted in increases in LNCap cell apoptosis, 
shown by quantification (Figure 4B), and by rep-
resentative flow charts (Figure 4C). Hence, 
miR-4735-3p inhibits Docetaxel-induced pros-
tate cancer cell apoptosis. Together, our data 
suggest that miR-4735-3p expression in AR+ 
prostate cancer promotes AR+ prostate cancer 
cell survival against through suppressing 
MEKK1. Inhibition of miR-4735-3p levels in 
AR+ prostate cancer cells may improve the out-
come of chemotherapy and the survival of the 
patients (Figure 5).

Figure 4. MiR-4735-3p increases Docetaxel-induced prostate cancer cell apoptosis. (A) The effects of miR-4735-3p 
modification on prostate cancer cell viability at presence of 5 µmol/l Docetaxel in a CCK-8 assay. (B, C) Fluores-
cence-based apoptosis assay on miR-4735-3p-modified LNCap cells, shown by quantification (B), and by represen-
tative flow charts (C). *P<0.05. N=5.
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Discussion

MiRNAs have been shown to play a pivotal role 
in the processes including initiation, progres-
sion, invasion, metastases and resistance of 
chemotherapy of prostate cancer, which may 
either function by the miRNAs alone, or in a 
cooperative manner with other key regulators 
[29-31]. Hence, understanding of the regula-
tion of aberrantly expression of miRNAs in pros-
tate cancer carcinogenesis may help to clarify 
the mechanisms underlying prostate cancer 
carcinogenesis to improve the outcome of the 
therapy. 

The resistance of prostate cancer cells to che-
motherapy largely results from the activation of 
anti-apoptotic machinery and suppression of 
apoptotic machinery inside the prostate cancer 
cells [29-31]. From previous studies, we found 
that MEKK1 activation might be a key respon-
sive factor upon Docetaxel treatment in pros-
tate cancer cells. Docetaxel induced activation 
of apoptosis-association proteins to upregulate 
Cytochrome C and caspases to initiate the 
apoptotic process [32]. MEKK1 efficiently 
increases activation of apoptotic proteins, but 
the regulation of MEKK1 in prostate cancer 
cells is unclear. 

Here, by sequence matching using bioinformat-
ics analyses, we detected the candidate miR-
NAs that target MEKK1. Among all these miR-
NAs, we specifically detected a significant 
increase in miR-4735-3p in AR+ prostate can-
cer specimens, compared to the paired non-
tumor tissue. Hence, we hypothesized that 
miR-4735-3p may target and regulate MEKK1 
in AR+ prostate cancer cells. Correlation test 

between miR-4735-3p and MEKK1 further sup-
ported this hypothesis, and luciferase reporter 
assay confirmed that miR-4735-3p may bind 
MEKK1 mRNA to impair its translation. Then, 
we modified miR-4735-3p levels in prostate 
cancer cells, and found that it did not affect 
MEKK1 mRNA, but altered the protein. These 
data were further strengthened the proposed 
mechanisms. 

Moreover, miR-4735-3p-mediated changes in 
MEKK1 seemed to result in changes in cell via-
bility at presence of Docetaxel. We have exam-
ined several other AR+ prostate cancer cell 
lines, and obtained essentially similar results. 
Thus, a possibility of the results to be cell-line-
dependence could be excluded. The effects of 
miR-4735-3p on cell invasion were not ana-
lyzed in the current study, but may be an attrac-
tive question to be answered in future.

To summarize, here we propose a model to 
explain the mechanisms underlying resistance 
of AR+ prostate cancer cells to chemotherapy. 
Prostate cancer cells upregulate miR-4735-3p, 
resulting in suppression of MEKK1 protein 
translation, which subsequently allows pros-
tate cancer cells to survive chemotherapy. On 
the other hand, inhibition of miR-4735-3p lev-
els in AR+ prostate cancer cells may enhance 
therapeutic outcome of chemotherapy.
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