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 Background: MiR-301a and miR-301b are 2 oncomiRs involved in multiple types of cancer. In this study, we explored the ex-
pression change of miR-301a and miR-301b in prostate cancer cells in hypoxia and studied their regulation of 
autophagy and radiosensitivity of prostate cancer cells.

 Material/Methods: QRT-PCR was performed to quantify the expression change of miR-301a and miR-301b in hypoxia. Their effects 
on autophagy were measured by Western blot analysis, and their effects on radiosensitivity were measured by 
clonogenic assay and flow cytometry. In addition, the regulation of miR-301a and miR-301b on NDRG2, a tu-
mor-suppressor gene in prostate cancer, was also studied. The effect of miR-301a/b-NDRG2 axis on autopha-
gy and radiosensitivity of prostate cancer cells was further investigated.

 Results: MiR-301a and miR-301b are 2 hypoxia responsive miRNAs that are significantly upregulated in hypoxia in 
prostate cancer cells. Higher level of miR-301a and miR-301b expression results in elevated autophagy and in-
creased radioresistance in LNCaP cells. MiR-301a and miR-301b simultaneously target NDRG2 and decrease its 
expression. Knockdown of NDRG2 leads to increased autophagy and radioresistance.

 Conclusions: MiR-301a and miR-301b are 2 hypoxia-responsive miRNAs that decrease autophagy of prostate cancer cells in 
hypoxia by targeting NDRG2. Through downregulating NDRG2, miR-301a and miR-301b can promote radiore-
sistance of prostate cancer cells.
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Background

Prostate cancer is the most common solid-tumor malignan-
cy in men [1,2]. One of the key features associated with solid 
tumors is hypoxia [3]. Under hypoxia, the tumor cells usual-
ly make adaptive changes, including altered cellular metabo-
lism and higher level of vascularization, leading to enhanced 
migratory potential and cell survival [3].

Currently, radiotherapy is used as an adjuvant therapy after 
physical resection for patients who can tolerate surgery and is 
also an optional therapeutic strategy for unresectable prostate 
tumors [4]. Successful radiotherapy largely depends on the ra-
diosensitivity of cancer cells [5]. However, hypoxia may change 
the behavior of the tumor cells and results in decreased radio-
sensitivity [6,7] . Therefore, it is necessary to further investi-
gate the association between hypoxia and radioresistance in 
prostate cancer cells.

Some previous studies found that hypoxia, autophagy, and ra-
diosensitivity are closely related in solid tumors. For example, 
hypoxia-induced autophagy can promote radioresistance in co-
lon cancer cells via the HIF-1alpha/miR-210/Bcl-2 pathway [8]. 
MiR-200c can inhibit autophagy and enhance radiosensitivity 
in breast cancer cells by targeting UBQLN1 [9]. miR-32 can in-
duce radioresistance by elevating autophagy in prostate can-
cer cells via targeting DAB2IP [10]. MiR-301a and miR-301b are 
2 miRNAs that cluster together. MiR-301a is viewed as an on-
comiR in prostate cancer. It can lower the expression of andro-
gen receptor (AR) and increase metastasis [11]. MiR-301a is also 
viewed as a predictor of prostate cancer metastasis in combi-
nation with miR-652/454/223/139 [12]. However, the function 
of miR-301b in prostate cancer is not completely understood.

In this study we investigated the changes in expression of miR-
301a and miR-301b in hypoxia and studied their regulation of 
NDRG2, a tumor-suppressor in prostate cancer cells [13,14]. 
In addition, the role of miR-301a/b-NDRG2 axis in autophagy 
and radioresistance was studied.

Material and Methods

Cell culture

Prostate cancer cell lines PC-3, DU145, and LNCaP were ob-
tained from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). All cells were cultured in RPMI-1640 medi-
um containing 10% fetal bovine serum in a cell incubator with 
a humidified atmosphere with 5% CO2 at 37°C. Oxygen supply 
for hypoxic culture was set at 1%.

Reagents

MiR-301a and miR-301b mimics, miR-301a and miR-301b in-
hibitors (IH), NDRG2 siRNA, and the scrambled negative con-
trols were purchased from RiBoBio (Shanghai, China). pDONR-
NDRG2, a NDRG2 expression vector without 3’UTR, and a HIF1-a 
expression vector were purchased from Futai Bio (Taizhou, 
Jiangsu, China). pSELECT-GFP-LC3 plasmid was purchased 
from Invitrogen (Carlsbad, CA, USA). 3-methyladenine (3-MA) 
was purchased from Sigma-Aldrich (St Louis, MO, USA). For 
miR-301a and miR-301b overexpression, the cells were trans-
fected with 100 nM miR-301a or miR-301b, respectively. For 
miR-301a and miR-301b knockdown, the cells were transfected 
with 75 nM miR-301a inhibitor and 75 nM miR-301a inhibitor 
simultaneously. To overexpress NDRG2 or HIF1-a, cells were 
transfected with pDONR-NDRG2 or pDONR-HIF1-a. To knock 
down endogenous NDRG2, cells were transfected with 100 nM 
NDRG2 siRNA. Lipofectamine 2000 (Invitrogen) was used for 
transfection according to the manufacturer’s instructions. In 
some studies, cells were treated with 3-MA (5 mM) 1 h before 
hypoxia for a duration of 36 h.

QRT-PCR analysis

Total miRNA and RNA isolation, reverse transcription of cDNA, 
and qRT-PCR analysis based on the prostate cancer cell sam-
ples followed the methods introduced in a previous study [15]. 
To quantify the change in miR-301a and miR-301b induced by 
hypoxia, the prostate cancer cells were subjected to hypoxia for 
up to 72 h. The level of miR-301a or miR-301b was quantified 
at indicated time points. The primers used for qRT-PCR analy-
sis of NDRG2 were: forward, 5’-CAGGACAAACACCCGAGACT-3’; 
reverse, 5’-AGCCATAAGGTGTCTCCACAG-3’. qRT-PCR was per-
formed using an ABI Prism 7500 device (Applied Biosystems, 
Foster City, CA, USA) and the results were calculated using 
2–DDct methods.

Clonogenic assay

After irradiation (dose rate: 5 Gy/min) using a 6-MV X-ray gen-
erated by a linear accelerator (Varian 2300EX, Varian, Palo Alto, 
CA) at the indicated dose, the plates were further incubated 
for 10–14 days, then the cells were fixed with 10% methanol 
and stained with 1% crystal violet in 70% ethanol. Colonies 
(>50 cells) were counted under a light microscope. The curve 
of survival fraction was derived from the multi-target single-
hit model: SF=1-(1-exp(-x/D0))^N.

Flow cytometry analysis of cell apoptosis

Cell apoptosis was assessed using the Annexin V-FITC Apoptosis 
Detection Kit (V13241, Invitrogen) using a FACSCalibur flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
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Transfection and selection of LNCaP cells with stable GFP-
LC3 expression

LNCaP cells transfected with pSELECT-GFP-LC3 were seeded 
into 96-well plates and were selected using 250 μg/ml Zeocin 
(Sigma-Aldrich) in RPMI 1640. Stable clones were selected af-
ter 3-week screening. At 24 h after the indicated transfection, 
cells were subjected to hypoxia for another 36 h, and GFP-LC3 
puncta were captured using an Olympus IX71 inverted micro-
scope (Olympus, Tokyo, Japan).

Western blot analysis

Cells were lysed using a lysis buffer (Beyotime, Shanghai, China) 
with proteinase- and phosphatase-inhibitor cocktails (Sigma-
Aldrich). Protein concentrations in the samples were measured 
by use of a BCA protein assay kit (Beyotime). Samples were 
then used for a conventional Western blot analysis according to 
the methods introduced in a previous study [16]. Primary anti-
LC3B (ab48394), anti-p62 (ab91526), anti-NDRG2 (ab57429), 
anti-HIF1-a (ab16066), and anti-GAPDH (ab125247) and HRP-
conjugated secondary antibodies were purchased from Abcam 
(Cambridge, MA, USA). The protein signals were detected us-
ing the BeyoECL Plus kit (Beyotime) according to the manu-
facturer’s instructions.

Dual luciferase assay

Two pieces of oligonucleotides containing wild-type predict-
ed 301a and miR-301b binding site or the mutant binding site 
of 3’UTR of NDRG2 were chemically synthesized by RiBoBio 
(Shanghai, China). The sequences were inserted downstream 
of the luciferase gene using pmirGLO Dual-Luciferase miR-
NA Target Expression Vector (Promega, Madison, WI, USA). 
The reconstructed plasmids were named as pmirGLO-NDRG2-
WT and pmirGLO-NDRG2-MT, respectively. The insertion was 
confirmed using sequencing. Then, the LNCaP cells were co-
transfected with 200-ng plasmids, 40-ng control plasmids, and 
100-nM miR-301a or miR-301b mimics using Lipofectamine 
2000 (Invitrogen). Relative luciferase activity was analyzed 
24 h after transfection by using the Dual-Luciferase Reporter 
Assay System (Promega) according to the manufacturer’s 
protocol. Firefly luciferase activity was normalized to that of 
Renilla luciferase.

Statistical analysis

Data are presented as means ± standard deviation (SD) based 
on at least 3 repeats of 3 independent studies. Comparison 
between groups was performed using Student’s t-test with 
SPSS 18.0 software (SPSS). A p value of <0.05 was considered 
as statistically significant.

Results

MiR-301a and miR-301b are hypoxia-responsive miRNAs 
that enhance autophagy and radioresistance of prostate 
cancer cells

Tumor cells can make adaptive changes to stressful conditions, 
including hypoxia. MiR-301a and miR-301b are 2 oncogenes in-
volved in multiple types of cancer [12,17]. However, how their 
expression changes in hypoxia has not been reported. By per-
forming qRT-PCR analysis, we observed that both miRNAs in-
creased significantly in hypoxia in PC-3, DU145, and LNCaP 
cells (Figure 1A, 1B). Notably, LNCaP cells had the largest in-
crease in miR-301a and miR-301b expression (Figure 1A, 1B). 
Therefore, this cell line was used for the following analysis. 
The hypoxia-induced miR-301a and miR-301b increased in 
LNCaP cells was further confirmed by qRT-PCR analysis at in-
dicated time points (Figure 1C, 1D). To preliminarily investi-
gate how hypoxia induced higher miR-301a and miR-301b ex-
pression, LNCaP cells were transfected with HIF1-a expression 
vector (Figure 1E). The subsequent qRT-PCR analysis showed 
that HIF1-a overexpression resulted in significantly upregu-
lated miR-301a and miR-301b expression (Figure 1F). Higher 
level of autophagy is usually a pro-survival mechanism of tu-
mor cells in hypoxia. Then, we explored how these 2 miRNAs 
affect hypoxia-induced autophagy in prostate cancer cells. 
Both miR-301a and miR-301b increased LC3-II and facilitated 
p62 degradation (Figure 1G). By using LNCaP cells with stable 
LC3-GFP expression, we found miR-301a and miR-301b over-
expression significantly enhanced LC3-GFP puncta accumula-
tion in the cancer cells in hypoxia (Figure 1H). Some previous 
studies reported that elevated autophagy may contribute to 
increased radioresistance in some types of cancer [8,18] . Then, 
we investigated how these 2 miRNAs affect radioresistance of 
LNCaP cells. LNCaP cells with miR-301a or miR-301b overex-
pression had significantly higher survival fraction (Figure 1I) 
and lower rate of apoptotic cells (Figure 1J) after irradiation. 
These results suggest that miR-301a and miR-301b are 2 hy-
poxia-responsive miRNAs that enhance autophagy and radio-
resistance of prostate cancer cells.

MiR-301a and miR-301b simultaneously target NDRG2 and 
decrease its expression

By performing target prediction using online databases, we 
observed that the 3’UTR of NDRG2 has a sequence targeted 
by both miR-301a and miR-301b (Figure 2A). Previous studies 
confirmed that NDRG2 is a tumor-suppressor gene in pros-
tate cancer [13,14]. LNCaP cells were first transfected with 
miR-301a or miR-301b mimics for overexpression (Figure 2B). 
Both miR-301a and miR-301b overexpression could substan-
tially inhibit NDRG2 expression, and the effect was similar to 
that of NDRG2 siRNA (Figure 2C). To further verify the direct 
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binding between miR-301a/miR-301b and 3’UTR of NDRG2, 
we produced dual luciferase reporter plasmids inserted with 
wild-type or mutant predicted binding site. Both miR-301a and 
miR-301b substantially suppressed the relative luciferase ac-
tivity of wild-type reporter plasmids, but had little effect on 
the mutant reporter plasmids (Figure 2D, 2E).

MiR-301a and miR-301b promote radioresistance of 
prostate cancer cells via downregulating NDRG2

We further studied how the miR-301a/b-NDRG2 axis in-
fluences autophagy and radioresistance. LNCaP cells with 
NDRG2 knockdown had a significantly higher level of autoph-
agy than the control in both normoxic and hypoxic culture 
(Figure 3A). NDRG2 knockdown promoted radioresistance of 
LNCaP cells (Figure 3B), while NDRG2 overexpression reduced 
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Figure 1.  MiR-301a and miR-301b are hypoxia-responsive miRNAs that enhance autophagy and radioresistance of prostate cancer 
cells. (A, B) PC-3, DU145, and LNCaP cells were cultured in hypoxia for 36 h. The expression of miR-301a (A) and miR-301b 
(B) were determined by qRT-PCR (n=3). (C, D) LNCaP cells were subjected to hypoxia for up to 72 h and the expression of 
miR-301a (C) and miR-301b (D) at indicated time points were determined by qRT-PCR. (E, F) LNCaP cells were transfected 
with HIF1-a expression vector or the negative control. (E) Western blot analysis was performed 72 h after the transfection 
to detect the expression of HIF1-a. (F) QRT-PCR analysis was performed to detect the expression of miR-301a and miR-
301b. (G) LNCaP cells with miR-301a or miR-301b overexpression or with knockdown of both miR-301a and miR-301b were 
exposed to hypoxia (1%) for 36 h. LNCaP cells without any transfection were treated with 3-MA treatment (5 mM) 1 h before 
hypoxia and then exposed to hypoxia (1%) for 36 h. Autophagy was visualized by detecting LC3B and p62 via Western blot. 
(H) LNCaP cells with stable GFP-LC3 expression were transfected with miR-301a mimics, miR-301b mimics, or co-transfected 
with miR-301a and miR-301b inhibitors, then the cells were subjected to hypoxia for 36 h. GFP-LC3 puncta accumulation 
was then observed under confocal microscopy. (I) Survival fraction of LNCaP cells with or without miR-301a or miR-301b 
overexpression after irradiation. (J) Flow cytometry analysis of apoptotic LNCaP cells with or without miR-301a or miR-301b 
overexpression 24 h after irradiation. * p<0.05, ** p<0.01, *** p<0.001.
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radioresistance (Figure 3C). In addition, cells with NDRG2 
knockdown had a significantly reduced rate of apoptotic cells 
after irradiation (Figure 3D, 3E). However, NDRG2 overexpres-
sion enhanced the apoptosis after irradiation (Figure 3D, 3E). 
Since the NDRG2 expression vector lacks the 3’UTR, miR-301a 
or miR-301b had little effect on NDRG2-induced lower radio-
resistance (Figure 3C, 3E).

Discussion

MiR-301a has been reported to be an oncomiR in prostate 
cancer. MiR-301a can directly bind to AR and lower its expres-
sion, leading to a higher level of metastasis via the miR-301a/
AR/TGF-beta1/Smad/MMP9 signaling pathway [11]. It is also 
viewed as a predictor of prostate cancer metastasis in combi-
nation with miR-652/454/223/139 [12]. Although the function 
of miR-301b in prostate cancer has not been reported, it usually 
acts as a tumor promoter, contributing to progression of hepa-
tocellular carcinoma [19] and triple-negative breast cancer [17].

Hypoxia-induced dysregulated miRNAs and their involvement 
in pathological process of tumor development have been wide-
ly reported [5,7,16] . In this study, we found hypoxia induced 
significantly higher expression of miR-301a and miR-301b 

in prostate cancer cells. Autophagy is an evolutionarily con-
served process that involves degradation and recycling of de-
fective organelles and proteins to maintain cellular homeo-
stasis [20]. Autophagy is a natural response of cancer cells to 
stressful environments, including hypoxia. Some recent stud-
ies also reported that autophagy acts as an important surviv-
al mechanism of prostate cancer cells to androgen deprivation 
and hypoxia [20,22]. Inhibition of autophagy in prostate can-
cer cells induces a higher level of apoptosis in hypoxia [19]. In 
some types of cancer, elevated autophagy in hypoxia is a mech-
anism of reduced radiosensitivity. This mechanism is also ob-
served in prostate cancer. For example, a recent study observed 
that PI3K/Akt/mTOR pathway inhibitors enhance radiosensi-
tivity in radioresistant prostate cancer cells through reducing 
autophagy [23]. Some recent studies suggested that miRNAs 
may also be involved in this process of regulation. For exam-
ple, miR-200c can suppress autophagy and decrease radiore-
sistance of breast cancer cells via targeting UBQLN1 [9]. MiR-
32 can enhance radioresistance by downregulating DAB2IP and 
promoting autophagy in prostate cancer cells [10].

Therefore, we further investigated the association between 
miR-301a/miR-301b, autophagy, and radioresistance. The re-
sults showed that miR-301a and miR-301b significantly pro-
moted autophagy in hypoxia and that miR-301a and miR-301b 
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Figure 2.  MiR-301a and miR-301b simultaneously targets NDRG2 and decrease its expression. (A) The predicted binding sequence 
between miR-301a, miR301b and 3’UTR of NDRG2. (B–D) LNCaP cells were transfected with 100 nM miR-301a mimics, 
miR-301b mimics, or NDRG2 siRNA. QRT-PCR analysis was performed to detect miR-301a, miR-301b (B), and NDRG2 
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can also enhance radioresistance. Then, we decided to study 
the regulators in between. NDRG2 is a tumor-suppressive gene 
in prostate cancer [13,24]. In fact, it is also a gene that may be 
involved in regulation of autophagy. The loss of NDRG2 results 
in enhanced phosphorylation of PTEN [25,26], which is viewed 
as a mechniam of enhanced autophagy in response to DNA-
damaging agents in cancer cells [27]. Through performing dual 
luciferase assay, Western blot, and qRT-PCR analysis, we con-
firmed that both miR-301a and miR-301b can bind to 3’UTR of 
NDRG2 and downregulate its expression. In addition, we also 
observed that NDRG2 knockdown resulted in enhanced radio-
resistance, while its overexpression promoted radiosensitivi-
ty. These results suggest that the miR-301a/miR-301b-NDRG2 

axis is an important signaling pathway modulating radiosen-
sitivity of prostate cancer cells.

Conclusions

miR-301a and miR-301b are 2 hypoxia-responsive miRNAs that 
decrease autophagy of prostate cancer cells in hypoxia by tar-
geting NDRG2. Through downregulating NDRG2, miR-301a and 
miR-301b can promote radioresistance of prostate cancer cells.
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Figure 3.  MiR-301a and miR-301b promote radioresistance of prostate cancer cells via downregulating NDRG2. (A) LNCaP cells 
were first transfected with 100-nM NDRG2 siRNA and then were exposed to normoxia or hypoxia for 36 h. Then, the 
level of autophagy was detected by measuring LC3B and p62 via Western blot. (B, C) Survival fraction of LNCaP cells with 
NDRG2 knockdown (B) or with NDRG2 overexpression in combination with miR-301a or miR-301b (C) after irradiation. 
(D, E) Representative images (D) and quantification (E) of flow cytometry analysis of apoptotic LNCaP cells with indicated 
treatment in Figure B, C 24 h after irradiation. * Comparison with si-NC, # comparison with vector NC. # p<0.05, ## p<0.01, 
*** and ### p<0.001.
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