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Abstract. miR-34a is downregulated and a regulator of 
drug resistance in prostate cancer (PCa). However, the 
mechanism of miR-34a in chemoresistance of PCa remains 
largely unknown. In the present study, we first confirmed the 
hypermethylation‑induced downregulation of miR-34a in PCa 
tissues and cell lines, PC-3 and DU145. Additionally, transfec-
tion of miR-34a mimics and demethylation by 5-azacytidine 
both resulted in the upregulation of miR-34a expression, 
which further induced declined cell proliferation and the 
enhanced apoptosis in PCa cells. Upregulation of miR-34a 
enhanced the chemosensitivity of PC-3 and DU145 cells. 
Furthermore, overexpression of miR-34a reduced the expres-
sion of autophagy-related proteins, ATG4B, Beclin-1 and 
LC3B II/I in PCa cells and demethylation treatment showed 
similar effect. ATG4B was confirmed directly by miR-34a 
targeting in PCa. Finally, downregulated p-AMPK and 
upregulated p-mTOR were detected in miR-34a overexpressed 
PCa cells. Collectively, miR-34a enhances chemosensitivity by 
directly downregulating ATG4B-induced autophagy through 
AMPK/mTOR pathway in PCa.

Introduction

MicroRNAs are endogenous non-coding RNAs that can 
regulate gene expression through translational repression 

and mRNA degradation  (1). Accumulating evidence has 
shown their participation in the regulation of a wide range 
of biological processes, including tumor formation (2), since 
almost 50% of identified human miRNAs are found located at 
fragile sites on chromosomes that are known to be associated 
with cancer (3).

Human prostate cancer (PCa) is one of the most frequently 
diagnosed tumors, and the second significant cancer killer 
in males in America (4). Numerous studies have shown the 
involvement of miRNAs in prostate carcinogenesis in recent 
years (5,6). There are more than 50 miRNAs found deregulated 
in PCa (7,8), including miR-34a, one of the tumor-suppressor 
miRNAs (9). As a miRNA that induces cell cycle arrest and 
apoptosis (10), miR-34a displayed CpG promoter methylation 
in ~80% of primary prostate carcinomas (11) and remarkable 
decrease in PCa cell lines (12). Additionally, miR-34 family is 
involved in drug resistance in PCa (12). However, the mecha-
nism of miR-34a in chemoresistance of PCa still needs further 
research.

Autophagy is a highly conserved, organized catabolic 
process (13) and plays an important role in cancer (14,15). 
High-level in tumor cells following anticancer treatment, 
therapeutic inhibitor targeting on the autophagic signaling 
pathway represents a novel avenue to reduce the occurrence of 
chemoresistance (16). Autophagy-related gene 4B (ATG4B), 
a controller on autophagosome maturation, is a particularly 
interesting target in this respect. Recent studies have described 
that many microRNAs (miRNAs) are involved in regulation 
of autophagic process by modulating autophagy-related genes 
(ATGs). miR-101 and miR-376b negatively regulates the 
expression of ATG4C and ATG4D (17,18). miR-17 reduces 
ATG7 expression in glioblastoma cell lines  (19). Notably, 
miR-34 represses autophagy by reducing the expression of 
ATG9 in mammalian cells (20). However, the mechanism of 
miR-34a on regulating autophagy and its role in drug resis-
tance in PCa remains largely unknown.

In the present study, we detected the methylation condition 
of miR-34a in both PCa tissues and cell lines. Additionally, 
the changes of apoptosis and drug sensitivity in miR-34a 
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methylated PCa cell lines were analyzed after transfection 
of miR-34a or demethylation treatment using 5-azacytidine 
(5-Aza). Furthermore, the target relation between miR-34a 
and ATG4B in PCa was investigated. Finally, AMPK/mTOR 
pathway was examined for its involvement in miR-34a‑induced 
regulation process. Our research may supply a novel choice for 
the future treatment on PCa chemoresistance.

Materials and methods

Isolation of PCa and adjacent tissues. Human PCa tissue and 
the corresponding adjacent normal tissue were isolated during 
the operation, with the written consent of the patients.

Cell culture. Human PCa cell lines, including PC-3, DU145 
and RWPE-1 were purchased from Auragene (Changsha, 
China). Cells were cultured as monolayer in RPMI‑1640 
medium (HyClone, Logan, UT, USA) supplemented with 10% 
fetal calf serum (Gibco, Gaithersburg, MD, USA) and 2 mM 
glutamax.

For demethylation treatment, all PCa cells were treated 
with 10 µmol/l 5-Azacytidine (Sigma-Aldrich, St. Louis, MO, 
USA) for 48 h. Cells were then harvested for the following 
investigations.

Transfection. PC-3 and Du145 cells were cultured as previ-
ously described before transfection. Mimics NC (100 pmol) 
or pre-miR-34a (Auragene) was diluted in 250 µl serum‑free 
RPMI‑1640 medium, which was then mixed with 10 µl of 
Lipofectamine 2000 (diluted in 250 µl serum-free medium). 
After incubation at 37˚C for 4 h, the medium was replaced by 
complete medium for another 48 h culture. Cells were then 
collected for use.

MTT assay. For proliferation analysis of PCa cells, 5,000 cells 
were plated in three 96-well plates. After every 24 h incuba-
tion at 37˚C and 5% CO2, one plate was taken out and the 
cells were treated with 20 µl MTT solution (5 mg/ml) for 
4 h. Subsequently, MTT solution was replaced by 150 µl of 
dimethylsulfoxide (DMSO) to dissolve the tetrazolium crys-
tals. The OD values were read at a test wavelength of 570 nm 
with a microplate reader within 10 min (Thermo Labsystems, 
Cheshire, UK).

For the evaluation of the PCa cell sensitivity to chemo-
therapy, after seeded on 96-well plates, the medium was 
replaced by chemotherapeutic drug (Dox, 4.0 µmol/l; Topo, 
5 mg/l). After 72 h, 20 µl MTT solution (5 mg/ml) was added 
to each well. MTT solution was replaced by 150 µl of DMSO 
to dissolve the tetrazolium crystals after 4 h incubation at 
room temperature. The absorption was read at the wavelength 
of 570 nm with a microplate reader within 10 min.

Apoptotic assay. Annexin V apoptosis detection kit (Life 
Technologies, Grand Island, NY, USA) was used for apoptosis 
detection. After cultured in 0.0625 µM Dox or 0.0195 mg/l 
Topo for 48 h, cells were trypsinized, collected and washed 
twice with cold phosphate-buffered saline (PBS). Binding 
buffer (500 µl) was used to resuspend cells. Annexin V-FITC 
(5 µl) and 5 µl propidium iodide were added to the solution and 
mixed well. Following 15 min incubation at room temperature 

in the dark, cells were analyzed using flow cytometric analysis 
(BD Biosciences, San Jose, CA, USA).

Quantitative-polymerase chain reaction (q-PCR) analysis of 
mRNA expression. Total RNA containing miRNA was 
extracted from PCa and adjacent tissues, and PC-3 and DU145 
cells with the use of TRIzol reagent (Life Technologies, 
Shanghai, China) according to the manufacturer's instructions, 
and cDNA was synthesized using TaqMan MicroRNA Reverse 
Transcription kit (Applied Biosystems, Foster City, CA, USA). 
q-PCR was performed with the use of fluorescence quantita-
tive PCR instrument (ABI  7500 thermocycler; Life 
Technologies) and SYBR-Green Universal PCR Master Mix 
(Bio-Rad, Hercules, CA, USA). The expression level of 
miR-34a was normalized to RNU6B. Oligonucleotide 
sequences of the primer sets used were as follows: miR-34a, 
HmiRQP0440; U6, HmiRQP9001; human ATG4B (sense, 
5'-ATGACTTCAATGATTGGTGCC-3' and antisense, 5'-AG 
AAGAATCTGGACTTGGCAG-3'); human β-actin (sense, 
5'-AGGGGCCGGACTCGTCATACT-3' and antisense, 5'-GG 
CGGCACCACCATGTACCCT-3'). PCR was performed in a 
total volume of 20 µl, which included 10 µl of 2X SYBR-Green 
qPCR mix, 1 µl of each forward and reverse primer (10 µmol/l), 
1 µl each cDNA sample and 7 µl H2O. Amplifications were 
carried out in triplicate in 96-well microtiter plates. Thermal 
cycling conditions were as follows: 95˚C for 3 min, followed 
by 35 cycles of 95˚C for 10 sec, and 58˚C for 30 sec, and finally 
by 95˚C for 12 sec, 58˚C for 50 sec.

Western blotting. Whole-cell lysates were harvested and 
washed with PBS, and then lysed in a buffer containing 
150 mM NaCl, 1 mM PMSF, NaVO4, aprotinin and leupeptin 
as protease inhibitors, in 50  mM Tris-HCl pH  8.0, 0.2% 
SDS, 1% NP-40. Protein/sample (30 µg) was resolved on a 
SDS-PAGE gel with subsequent transfer blotting. Membranes 
were incubated at 4˚C with primary antibody overnight 
[m-TOR, YT2915; p-m-TOR, YP0176; ATG4B, YT0394; 
(all from Immunoway) Beclin-1, 2026-1; Epitomics; LC3B, 
ab51520; Abcam; Bax, YT0456; Bcl2, YT0469 (both from 
Immunoway), caspase 3, ab2302; caspase 9, ab2324 (both 
from Abcam)]. After washing, membranes were incubated 
with the corresponding secondary antibody preparation for 
1 h at room temperature, followed by chemiluminescence for 
visualization. For control group, the membrane was stripped 
and reprobed using an actin antibody after the probing of each 
membrane with the primary antibody.

Dual-luciferase reporter gene assay. For the luciferase reporter 
experiments, a 3'-untranslated region (3'-UTR) segment of 
ATG4B gene (accession no. NM_013325.4) was amplified by 
PCR from human genomic DNA using primers that included 
an XhoI and a NotI tail on the 5' and 3' strands, respectively. 
PCR products were recombined with psi-CHECK2. The 
PC-3 and DU145 cells were then transfected with the firefly 
luciferase ATG4B-3'UTR-psi-CHECK2, combined with 
miR-34a mimics. Twenty-four hours after transfection, cells 
were lysed with a 1X passive lysis buffer and the activity of 
both Renilla and firefly luciferase was assayed using the Dual-
Luciferase Reporter Assay system (Promega) according to the 
manufacturer's instructions.
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DNA methylation analysis using MSP. Genomic DNA from 
PCa tissues and cell lines was isolated with Auragene Genomic 
DNA kit (Auragene Biotech, Changsha, China). MSP was 
performed in a total volume of 20 µl using 1.5 units Platinum 
Taq Polymerase (Invitrogen) per reaction. Oligonucleotide 
sequences used for the MSP were: miR-34a-MSP-F, TGT 
TAGTTTTTTCGGGGAGTTTTCGG and miR-34a-MSP-R, 
ACGCCAACTCCTCCCCCGTCCCGAAC; miR‑34a-
UMSP‑F, TAGTTTTTTTGGGGAGTTTTTGGTTT and 
miR-34a-UMSP-R, TAACACCAACTCCTCCCCCATC 
CCAA. PCR was performed in a total volume of 15 µl, which 
included 1.5 µl of 10X LAmp buffer, 1.2 µl of dNTP mix, 
0.5 µl of forward and reverse primer (10 µM), 0.3 µl of LAmp 

Taq, 3 µl of 5X C Solution I, 1 µl of template and 7 µl of 
ddH2O. Amplifications were carried out in 96-well microtiter 
plates. Thermal cycling conditions were: 94˚C for 4 min, 
followed by 35 cycles of 94˚C for 30 sec, 58˚C for 30 sec and 
72˚C for 30 sec, and finally followed by 72˚C for 5 min. 
Amplified fragments were separated by electrophoresis on 
8% polyacrylamide gels and visualized by staining with 
ethidium bromide.

Statistical analysis. Data are expressed as mean ± standard 
deviation (SD). Comparisons between groups were performed 
by one-way analysis of variance (ANOVA) using SPSS 17.0 
(SPSS, Inc., USA) and Prism 5.0 (GraphPad Software, USA). 

Figure 1. Expression of miR-34a is downregulated in prostate cancer tissue. (A) DNA was isolated from both 25 PCa and 25 adjacent tissue samples, sub-
jected to bisulfite conversion and analyzed by MSP with primers specific for methylated (M) and unmethylated (U) miR-34a promoter DNA, respectively. 
(B) miR‑34a expression was determined in 25 PCa tissues and 25 normal adjacent tissues by q-PCR. Data are normalized to the RNA control U6 snRNA. 
PCa, prostate cancer.
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P<0.05 was considered to indicate a statistically significant 
result.

Results

miR-34a is epigenetically downregulated by DNA methyla-
tion in PCa tissue. To determine the methylation condition of 
miR-34a in PCa cells, 25 samples of PCa and adjacent tissues 
were collected and measured in MSP, respectively. As shown 
in Fig. 1A, 23 in 25 (92%) PCa tissue samples showed methyl-
ated miR-34a, while only 3 in 25 (12%) adjacent tissue samples 
displayed positive methylation on miR-34a. Furthermore, 
expression of miR-34a in PCa and cancer adjacent tissues 
was quantified by q-PCR. The relative expression of miR-34a 
in adjacent tissue was significantly higher than that in PCa 
tissue (Fig. 1B). This indicated that miR-34a was hypermethyl-
ated in PCa tissue.

Methylation of miR-34a and expression of ATG4B in PCa cell 
lines. To analyze the methylation condition of miR-34a in PCa 
cell lines in vitro, PC-3, DU145 and RWPE-1 were detected 
in MSP. miR-34a showed methylated in PC-3 and DU145 
while RWPE-1 was unmethylated (Fig. 2A). Additionally, the 
relative expression of miR-34a and mRNA of ATG4B was 
respectively detected in all cell lines in q-PCR. Consistently, 
PC-3 and DU145 showed significantly lower expression of 
miR-34a than RWPE-1 (p<0.05; Fig. 2B), while the mRNA 
level of ATG4B in RWPE-1 was lower than the other two cell 
lines (p<0.05; Fig. 2C). The above demonstrated that PC-3 and 
DU145 showed miR-34a methylation and kept low expression 
of miR-34a, while ATG4B was highly expressed.

Upregulation of miR-34a promotes cell apoptosis in PC-3 and 
DU145 cells. We performed gain-of-function studies using 
miR-34a mimics, and miRNA transfection efficiency was 
determined by q-PCR. After PC-3 and DU145 cells were trans-
fected with miR-34a mimics, the expression of miR-34a was 
significantly upregulated (p<0.01, Fig. 3A). 5-Aza treatment 
also increased the level of miR-34a (Fig. 3A). This indicated 
that the original low level of miR-34a in PCa cells was related 
to methylation. Additionally, the effects of upregulation of 
miR-34a either by transfection or by demethylation treatment 
on cell proliferation in PC-3 and DU145 cells were examined 
by MTT assay. Transfection of miR-34a mimics resulted in 
a significant decrease in cell growth of PCa cell lines (PC-3, 
p<0.05; DU145, p<0.01), and demethylation treatment also led 
to a statistical decrease (p<0.05) in proliferation of DU145 
cells (Fig. 3B). We further investigated the effect of miR-34a 
on cell apoptosis using western blotting (Fig. 3C). Apoptosis 
related proteins, caspase 3 (p<0.01), caspase 9 (p<0.01) and 
Bax (p<0.01), were all significantly upregulated after transfec-
tion in both PC-3 and DU145 cells, and anti-apoptosis protein 
Bcl-2 was statistically downregulated (p<0.01)  (Fig.  3D). 
These data indicated that miR-34a has a vital role in reducing 
the growth of PCa cells.

Upregulation of miR-34a enhances the sensitivity of PC-3 and 
DU145 cells to Dox and Topo. The effects of upregulation of 
miR-34a on cell chemosensitivity in PC-3 and DU145 cells 
were examined by MTT assay. Transfection with miR-34a 
mimics resulted in a significant decrease on IC50 value when 
PCa cell lines were treated with Dox (p<0.05, Fig. 4A) and 
Topo (p<0.05, Fig. 4B), respectively. 5-Aza treatment led to 

Figure 2. miR-34a is hypermethylated while expression of ATG4B is at high level in PC-3 and DU145 cells, yet not in RWPE-1 cells. (A) DNA was isolated 
from PC-3, DU145 and RWPE-1 cells, subjected to bisulfite conversion and analyzed by MSP with primers specific for methylated (M) and unmethylated (U) 
miR-34a promoter DNA, respectively. (B) Quantification of relative expression of miR-34a in three PCa cell lines by q-PCR. Bars represent mean values ± SD. 
*P<0.05. N=3 for each group. (C) Quantification of relative expression of ATG4B in three PCa cell lines by q-PCR. Bars represent mean values ± SD. *P<0.05. 
N=3 for each group. PCa, prostate cancer.
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a statistical decrease (p<0.01) on IC50 value of both cell lines 
when treated with Dox and Topo (Fig. 4A and B). This indicated 
that upregulation of miR-34a induced by overexpression or 
demethylation enhanced the drug sensitivity in PCa cells. We 
further investigated the effect of miR-34a upregulation on cell 
apoptosis in Dox and Topo using flow cytometry (Fig. 4C). 
Based on the data shown in Fig. 4D, Dox (p<0.05) and Topo 
(p<0.05) treatment led to an increased apoptosis percentage 
in PCa cells compared with control. Upregulation of miR-34a 
in both cell lines induced by mimics transfection (p<0.05) or 
5-Aza treatment (p<0.05) significantly increased the apoptosis 
percentage of cells that were cultured in Dox and Topo, 
compared with non-treated cells in Dox or Topo, respectively. 
miR-34a-upregulated PC-3 and DU145 cells showed higher 
apoptosis percentage in both Dox (p<0.01) and Topo (p<0.01) 
than the control group. Collectively, these data demonstrated 
that overexpression of miR-34a or demethylation on miR-34a 
in PC-3 and DU145 cells improved cell chemosensitivity to 
Dox and Topo.

Upregulation of miR-34a impairs autophagy by directly down-
regulating ATG4B in PC-3 and DU145 cells. For the analysis 
of the effects of miR-34a on regulating autophagy‑related 
proteins, the expression of AGT4B was first examined in PCa 
cells. mRNA expression of ATG4B in PC-3 (p<0.01) and 
DU145 (p<0.01) was statistically reduced after transfection 
of miR-34a mimics, which was similar to the effect of 5-Aza 
on PCa cells (PC-3, p<0.05; DU145, p<0.05) (Fig. 5A). The 
protein expression of ATG4B and autophagy-related proteins, 
Beclin-1 and LC3B  II/I, were then detected in both cell 
lines (Fig. 5B). Both the PC-3 and DU145 cells after transfection 
displayed significantly downregulated level of ATG4B protein 
(p<0.01), Beclin-1 (p<0.01) and LC3B II/I (p<0.01) (Fig. 5C). 
5-Aza treatment similarly led to the decrease of ATG4B 
(p<0.05), Beclin-1 (p<0.05) and LC3B II/I (p<0.05) (Fig. 5C). 
Furthermore, dual-luciferase reporter gene assay was operated 
to examine whether ATG4B is indeed functionally targeted by 
miR-34a. Fig. 5D shows that miR-34a inhibited the luciferase 
activity from the construct with the ATG4B-3'-UTR segment 

Figure 3. Upregulation of miR-34a promotes apoptosis in PC-3 and DU145 PCa cell lines. (A) PC-3 and DU145 cells were transfected with miR‑34a mimics 
(Pre-miR-34a) or blank mimics (Pre-Con), and miR-34a expression was confirmed by q-PCR in PC-3 and DU145 cells 48 h after transfection. 5-Aza treat-
ments were used as demethylation agents on miR-34a. Bars represent mean values ± SD. **P<0.01; *P<0.05. N=3 for each group. (B) Cellular proliferation 
was measured in the control and miR-34a mimic-transfected PC-3 (left) and DU145 (right) cells using an MTT assay at 3-time points. 5-Aza treatments were 
used as demethylation agents on miR-34a. Bars represent mean values ± SD. **P<0.01; *P<0.05. N=3 for each group. (C) Apoptosis-related proteins including 
caspase 3 and 9, Bax and Bcl2 were measured in the control and miR-34a mimic-transfected PC-3 and DU145 cells by western blotting. 5-Aza treatments 
were used as demethylation agents on miR-34a. (D) Quantification of protein expression of caspase 3 and 9, Bax and Bcl2. Bars represent mean values ± SD. 
**P<0.01; *P<0.05. N=3 for each group. PCa, prostate cancer.
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both in PC-3 (p<0.01) and DU145 cells (p<0.01). There was no 
change in the luciferase reporter activity when the cells were 
cotransfected with the miR-34a-inhibitor or negative controls. 
This demonstrated that ATG4B was a direct target of miR-34a 
in PC-3 and DU145 cells.

miR-34a regulates ATG4B-induced autophagy through the 
AMPK/mTOR pathway. In order to investigate the pathway by 
which miR-34a regulates autophagy in PCa cells, we performed 
western blotting for the analysis of protein expression in the 
AMPK/mTOR pathway (Fig. 6A). As shown in Fig. 6B, the level 

Figure 4. miR-34a sensitizes PC-3 and DU145 cells to chemotherapy-induced apoptosis. (A) IC50 value of the control and miR-34a mimic-transfected PC-3 and 
DU145 cells in Dox medium was measured using MTT assay at 48 h. 5-Aza treatments were used as demethylation agents on miR-34a. Bars represent mean 
values ± SD. **P<0.01; *P<0.05. N=3 for each group. (B) IC50 value of the control and miR-34a mimic-transfected PC-3 and DU145 cells in Topo medium was 
measured using MTT assay at 48 h. 5-Aza treatments were used as demethylation agents on miR-34a. Bars represent mean values ± SD. **P<0.01; *P<0.05. N=3 
for each group. (C) Apoptosis of PC-3 (left) and DU145 (right) cells with or without miR-34a mimic transfection in Dox and Topo medium was detected by flow 
cytometry. 5-Aza treatments were used as demethylation agents on miR-34a. The right hand of the quadrant indicates apoptotic cell population. (D) Statistical 
analysis of apoptosis condition of PCa cell lines in different treatment groups. Bars represent mean values ± SD. #P<0.05, compared with Dox or Topo group. 
**P<0.01; *P<0.05, compared with Con group. N=3 for each group. PCa, prostate cancer.
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of phosphorylated AMPK was significantly downregulated in 
chemotherapy-treated group. Overexpression of miR-34a also 
led to a decrease on expression of phosphorylated AMPK, 
while silence of miR-34a resulted in a significant upregulation. 
Additionally, p-mTOR was significantly reduced when miR-34a 
was overexpressed in PC-3 or DU145 cells, and anti-miR-34a 
statistically upregulated the expression of p-mTOR (Fig. 6C). 
Besides, the treatments with Dox or Topo on cells resulted in 
an increase on p-mTOR expression (Fig. 6C). Furthermore, the 
expression of autophagy-related proteins were downregulated 
after miR-34a overexpression, including ATG4B (Fig. 6D), 
Beclin-1 (Fig. 6E) and LC3B II/I (Fig. 6F). The anti-miR-34a 
transfection reversed the low expression level of these 
proteins, with a significant increase compared with control 
group  (Fig.  6D-F). These data collectively indicated that 

miR-34a induced the downregulation of autophagy-related 
proteins, ATG4B, Beclin-1 and LC3B  II/I, through the 
AMPK/mTOR pathway.

Discussion

Accumulating evidences have shown the decrease of 
miR-34a in prostate cancer (PCa) and its relation with drug 
resistance (12). Autophagy also plays an important role in 
chemoresistance of cancer  (14-16). However, whether the 
chemoresistance induced by miR-34a is related to ATG4B 
in PCa, including their mechanism on chemoresistance, still 
further research is needed. In the present study, we found that 
upregulation of miR-34a induced by mimic transfection and 
demethylation treatment using 5-azacytidine (5-Aza) resulted 

Figure 5. Reconstitution of miR-34a impairs autophagy by directly downregulating ATG4B in PC-3 and DU145 cells. (A) Effects of overexpression of 
miR-34a on ATG4B expression in PC-3 and DU145 cells. The mRNA expression level of ATG4B was measured by q-PCR in PC-3 and DU145 cells 48 h after 
transfection, respectively. Bars represent mean values ± SD. **P<0.01; *P<0.05. N=3 for each group. (B) For protein expression analysis, ATG4B, Beclin-1 and 
LC3B II/I in PC-3 and DU145 were measured after transfection by western blotting, respectively. (C) Quantification of protein expression of ATG4B, Beclin-1 
and LC3B II/I. Bars represent mean values ± SD. **P<0.01; *P<0.05. N=3 for each group. (D) Dual-luciferase reporter gene assay for targeting ATG4B. PC-3 
(left) and DU145 (right) cells were transfected with ATG4B-3'-UTR, combined with miR-34a or miR‑34a-inhibitor or the negative controls. Twenty-four hours 
after transfection, cells were lysed and the activity of both Renilla and firefly luciferase was assayed by the dual-luciferase reporter assay system. Bars represent 
mean values ± SD. **P<0.01. N=3 for each group.
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in the enhanced apoptosis and chemosensitivity in PCa 
cells. Overexpression of miR-34a reduced the expression of 
autophagy-related proteins, ATG4B, Beclin-1 and LC3B II/I 
in PCa cells by downregulating p-AMPK and upregulating 
p-mTOR in PCa cells.

We detected the hypermethylation condition of miR-34a 
in PCa tissues and cell lines such as PC-3 and DU145. 
Previously, several lines of evidence demonstrated miR-34a 
promoter methylation in many types of cancers (11). Moreover, 
Lodygin et al demonstrated that the loss of miR-34a expression 
associated with the methylation of promoter CpG island was 
found in the majority (79.1%) of primary prostate carcinoma 
samples (11). Additionally, miR-34a expression was markedly 
reduced in PCa cell lines (12). There data are in accordance 
with our findings. Notably, miR-34a is even linked to PCa 
metastasis, suggesting that it could be a potential biomarker 
for PCa (21).

In addition, we found miR-34a effective on PCa cell apop-
tosis. Previously, Bommer et al showed that Bcl-2 is targeted 
by miR-34a (22). Welch et al also found the re-expression of 
miR-34a induced restoration of apoptosis through the acti-
vation of caspases 3 and 7 in neuroblastoma (23). Besides, 
miR-34a synthetic mimics were proved to trigger growth 
inhibition and apoptosis in multiple myeloma cells by down-
regulating canonic targets BCL-2, CDK6 and NOTCH1 
in vitro and in vivo (24). All these data were in accordance 
with our findings. Additionally, Nalls  et  al revealed that 
re-expression of miR-34a in pancreatic CSCs inhibited cell 
growth, cell cycle progression, self-renewal, epithelial to 

mesenchymal transition and invasion (25). Forced expression 
of miR-34a was able to significantly suppress tumor growth 
in an orthotopic mouse model of breast cancer (26). Using 
chemically synthesized miR-34a and a lipid-based delivery 
vehicle efficiently inhibited tumor growth without liver or 
kidney toxicity and immune response in a mouse lung tumor 
model  (27). Therefore, upregulation of miR-34a could be 
an attractive new therapeutic strategy to improve treatment 
outcome of cancer.

Furthermore, accumulating evidence demonstrated that 
miR-34 family is involved in drug resistance in PCa. For 
example, re-expression of miR-34a attenuated chemoresistance 
to anticancer drug camptothecin via induction of apoptosis in 
PCa (12), also in agreement with our findings. We found that 
upregulation of miR-34a by transfection of mimics resulted 
in enhanced chemosensitivity in PCa cells, which proved the 
role of miR-34a in chemoresistance. Besides, we also found 
5-Aza treatment resulted in similar effect with transfection of 
miR-34a mimics. This indicated the epigenetic regulation on 
miR-34a in PCa was significantly responsible for the chemo-
resistance in PCa. Notably, recent studies have described that 
miRNAs are involved in regulation of autophagic process by 
modulating autophagy-related genes (ATGs). miR-101 and 
miR-376b negatively regulates the expression of ATG4C 
and ATG4D  (17,18). miR-17 reduces ATG7 expression in 
glioblastoma cell lines (19). Furthermore, since the high-level 
autophagy in tumor cells following anticancer treatment 
is considered to be related with drug resistance  (16), and 
Rothe et al demonstrated that miR-34a regulated the expres-

Figure 6. Effects of overexpression of miR-34a on mTOR phosphorylation and the expression of ATG4B, Beclin-1 and LC3B II/I in PC-3 and DU145 cells. 
(A) Forty-eight hours after transfection with either miR-34a mimics (Pre-miR-34a) or anti-miR-34a mimics (Anti-miR-34a) or blank mimics (Pre-Con and 
Anti-Con) as control in PC-3 and DU145 cells, cells were subjected to western blot analysis. (B-F) Quantification of protein expression of (B) p-AMPK, 
(C) p-mTOR, (D) ATG4B, (E) Beclin-1 and (F) LC3B II/I. Bars represent mean values ± SD. **P<0.01; *P<0.05; compared with Con group. N=3 for each 
group.
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sion of ATG4B in CML, and acted as a factor on regulating 
drug resistance  (28), we focused on the regulation role of 
miR-34a on ATG4B in PCa. Notably, we found that ATG4B 
was the direct target of miR-34a in PCa.

AMPK/mTOR is the essential regulator of cellular 
autophagy (29). We have proved the regulation of miR-34a on 
ATG4B, however, it is unclear whether the regulation effect 
is induced by the AMPK/mTOR pathway. We evaluated the 
expression of phosphorylated AMPK and mTOR after over-
expression or silencing of miR-34a in PCa cells. According 
to its active role in autophagy (30,31), p-AMPK was down-
regulated in miR-34a overexpressed PCa cells, followed by 
the upregulated p-mTOR, and in agreement with the inhibi-
tory function of mTOR in autophagy (32,33), upregulated 
p-mTOR, induced by miR-34a overexpression finally led to 
the decrease of autophagy-related proteins, including ATG4B, 
Beclin-1 and LC3B II/I. We found miR-34a downregulated 
autophagy‑related proteins by the pathway of AMPK/mTOR.

In conclusion, we demonstrated that upregulation of 
miR-34a by transfection or demethylation resulted in the 
enhanced apoptosis and drug sensitivity in PCa cells. ATG4B, 
directly regulated by miR-34a through AMPK/mTOR, was 
involved in this process. Our research may supply a novel 
target for the future treatment on PCa chemoresistance.
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