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Abstract. MicroRNA‑26a (miR‑26a) is expressed at lower 
levels in prostate cancer cells compared with normal prostate 
cells. However, the regulatory mechanism of miR‑26a in tumor-
igenesis and metastasis is not clear. In the present study, the 
expression profile of cellular miR‑26a was analyzed by reverse 
transcription‑quantitative polymerase chain reaction. The 
potential target of miR‑26a was identified by luciferase assay 
and western blotting. Examination of miR‑26a function was 
performed by transfection with miR‑26a mimics and inhibitor. 
It was found that miR‑26a expression was decreased in pros-
tate cancer tissues and cell lines, with androgen‑independent 
prostate cancer (AIPC) showing lower miR‑26a expression 
compared with androgen‑dependent prostate cancer (ADPC). 
Overexpression of miR‑26a by transfecting miR‑26a mimics 
could significantly enhance apoptosis, and this upregulation 
of apoptosis was triggered by cytochrome c oxidase subunit II 
inhibition. Furthermore, it was found that lower miR‑26a 
density resulted in an evidently poor prognosis. Understanding 
the important roles of miR‑26a in regulating cell apoptosis in 
human prostate cancer cells may aid the exploration of AIPC 
transformation mechanisms and contribute to the development 
of miRNA‑based therapy in the future.

Introduction

Prostate cancer is one of the most common malignant 
tumors in men and the mortality rate has reached the second 
highest ranking among all male cancers in the USA  (1). 
Although the morbidity of prostate cancer in China is far 

lower than that of western countries, the morbidity has mark-
edly increased in recent years, with an estimated incidence 
of 10  cases/100,000   individuals in 2010 compared with 
1.71 cases/100,000 individuals in 1993 (2). Early‑stage prostate 
cancer requires androgens for growth and thus responds well 
to androgen deprivation therapy (3). However, the majority of 
patients with androgen‑dependent prostate cancer (ADPC) 
develop androgen‑independent prostate cancer (AIPC) subse-
quent to the initiation of androgen deprivation. This indicates 
the next proliferation stage of prostate cancer cells following the 
remittent stage, such as continuous increase in prostate specific 
antigen (PSA) levels, and bone metastasis occurs extremely 
easily. At present, no curative therapy exists for this refractory 
disease.

The AIPC transformation mechanism is the focus of studies 
investigating prostate cancer. The primary reasons for ADPC 
becoming AIPC are gene expression variation, signal pathway 
abnormity, and dysregulation of proto‑oncogenes, cancer 
suppressor genes and growth factors (4). At present, studies have 
identified a large number of relevant genes and signal pathways 
of prostate cancer (5‑7). However, since the biological behavior 
of prostate cancer is extremely complex, any of the aforemen-
tioned hypotheses cannot clarify the pathogenetic mechanism 
of AIPC (6). Therefore, identification of genes involved in 
the transition from ADPC to AIPC is important to extend the 
current knowledge of AIPC (7).

The human transcriptome comprises not only large numbers 
of protein‑coding messenger RNAs (mRNAs), but also a large set 
of non‑protein coding transcripts that have structural, regulatory 
or unknown functions (8). Noncoding RNAs are divided into 
long noncoding RNAs (>200 nucleoides) and short noncoding 
RNAs [20-30 nucleotides; microRNAs (miRNAs)], according 
to their length. miRNAs are a class of small noncoding RNAs 
that are implicated in numerous physiological and pathological 
responses as post‑transcriptional repressors of gene expression. 
Mature miRNAs can specifically bind to the 3'‑untranslated 
regions (3'‑UTRs) of target cellular mRNA, in turn triggering 
mRNA degradation or inhibition of translation (9). A previous 
study has reported that miRNA‑26a (miR‑26a) had decreased 
expression in prostate cancer (10). However, there is limited 
knowledge about the role of miR‑26a in prostate cancer.

Increased cytochrome c oxidase subunit II (COX‑2) expres-
sion has been linked to the initiation and progression of human 
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prostate cancer. TargetScan and luciferase activity analysis 
have confirmed COX-2 as a target of miR-26a (11), and COX-2 
has been reported to play a key role in the apoptosis of cancer 
cells (12).

In the present study, it was found that miR‑26a was 
significantly downregulated in prostate cancer tissues. Ectopic 
expression of miR‑26a may increase cell proliferation and 
inhibit apoptosis. It was also found that miR‑26a promotes 
apoptosis by targeting COX‑2.

Materials and methods

Cell culture and cell transfection. The AIPC PC-3 cell line 
(purchased from the American Type Culture Collection, 
Manassas, VA, USA) were maintained in RPMI-1640 (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.), 2 mM L-glutamine (Sangong, Shanghai, China) 
and 25 mM HEPES (Sangong). miRNA mimics, inhibitors or 
scrambled miRNA‑control were synthesized from GenePh-
arma (Shanghai, China) products. pcDNA3.1‑myc‑COX‑2 
was purchased from Biogot Technology Co., Ltd. (Nanjing, 
China). COX‑2 siRNA was obtained from RiboBio Co., 
Ltd. (Guangzhou, China) and the sequence was as follows: 
Forward, 5'‑GCU​GGG​AAG​CCU​UCU​CUAA‑3'; and reverse, 
5'‑TCG​ACC​CUU​CGG​AAG​AGAUU‑3'. Transfections were 
performed using Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) with miRNA mimics, inhibitors or 
scrambled control (RiboBio Co., Ltd.) for 24 h.

Plasmid constructs and luciferase reporter assay. Targetscan 
was used to identify COX-2 as a potential miR-26a target 
(http://www.targetscan.org/). To construct the luciferase 
reporter vector, COX‑2 3'‑UTR and its flanking sequence 
was amplified by polymerase chain reaction (PCR) using 
the following primers: Forward, 5'‑CGG​GGT​ACC​GAG​
TCA​TAC​TTG​TGA​AG‑3'; and reverse, 5'‑GCA​CTC​GAG​
CCT​GTT​TTT​GTT​TGATG‑3'. The amplified fragment was 
cloned into a PGL3 vector (Promega, Madison, WI, USA). 
Similarly, a mutated COX‑2 3'‑UTR fragment, in which the 
miR‑26a binding site was mutated, was PCR‑amplified using 
the following primers; Forward, 5'‑GTG​GTT​TCA​ACT​TAT​
ATT​ATA​AGA​ACG‑3'; and reverse, 5'‑GAC​GAA​AAG​ACG​
TCA​AAA​CTC​ATTT‑3'. The PCR product was cloned into 
the PGL3 vector. Luciferase activity assay was performed 
according to the manufacturer's instructions (Promega, 
Madison, WI, USA).

Clinical samples. All prostate cancer and adjacent normal 
tissues included in the present study were obtained from 
32 patients with prostate adenocarcinoma that were diagnosed 
by two pathologists at the Department of Oncology, Urumqi 
General Hospital of Lanzhou Military Command of the 
Chinese People's Liberation Army (Urumqi, China). Medical 
history, transrectal ultrasound, computed tomography and 
magnetic resonance imaging findings, and isotope scanning 
of the skeleton were combined to decide the clinical staging. 
In total, 12 patients that underwent radical prostatectomy, did 
not have metastases and maintained extremely low PSA levels 
(<0.2 ng/ml), with no relapse, were diagnosed with ADPC, 

according to a previous study (13). In addition, 20 patients 
that presented with increases in PSA levels or bone metastases 
were determined to have advanced hormone‑refractory pros-
tate cancer. All experiments were performed according to the 
principles of the Helsinki Declaration. All patients enrolled 
in the present study provided informed consent. The study 
was conducted with the approval of the Ethical Committee of 
Urumqi General Hospital of Lanzhou Military Command of 
the Chinese People's Liberation Army.

Cell proliferation assays. The methyl thiazolyl tetrazolium 
(MTT) assay, which tests for cell proliferation and survival, 
was used in the present study, as previously described (14). 
Cells were incubated into 96‑well culture plate, 5x103 cells in 
each well, to incubate for 72 h. In total, 50 µl MTT solution was 
added to each well and incubated at 37˚C for 4 h. Following 
incubation, MTT was aspirated and 150 µl dimethyl sulfoxide 
was added to each well to dissolve the formazan precipitate. 
Subsequently, an ELISA reader (SM600; Utrao, Shanghai, 
China) read the optical densities of the plates at 570 nm.

Cell apoptosis assay. An Annexin V‑Fluos staining kit 
(Roche‑Boehringer) was used to detect early stages of apop-
tosis according with previous report (9). The cells were washed 
with phosphate‑buffered saline (PBS) and stained according to 
the manufacturer's protocol. Slides were mounted with Perma-
fluor mounting medium (Immunotech, Marseille, France) and 
viewed under a fluorescence microscope (Axiophot; Olympus, 
Tokyo, Japan).

RNA extraction. Total RNA was extracted from cells using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. Reverse 
transcription‑quantitative PCR (RT‑qPCR) analyses for 
miRNAs were performed using TaqMan miRNA assays 
(Ambion; Thermo Fisher Scientific, Inc.) in an iQ5 Real‑Time 
PCR Detection system (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). U6 small nuclear RNA was used as endogenous 
control for data normalization. Relative expression was calcu-
lated using the comparative threshold cycle (Ct) method. To 
identify apoptotic nuclei, 4',6‑diamidino‑2‑phenylindole 
(Roche, Mannheim, Germany) staining was performed 
according to the manufacturer's protocol.

Western blot. The cells were washed with ice‑cold PBS and 
then lysed with protein lysate (Pierce, Rockford, IL, USA). 
After centrifugation at 5,000 x g for 15 min at 4˚C, the protein 
concentration was measured with a bicinchoninic acid (BCA) 
protein assay kit (Pierce). Subsequently, 50 µg aliquots of lysates 
were loaded on a 10% sodium dodecyl sulfate‑polyacrylamide 
gel and transferred to a polyvinylidene difluoride membrane. 
The membranes were blocked with 5% skimmed dry milk 
in Tris‑buffered saline (pH 7.4) containing 0.05% Tween 20, 
and were incubated with Cox-2 antibodies (sc-514489; mouse 
monoclonal; 1:200 dilution; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) and horseradish peroxidase-conjugated 
mouse secondary antibodies (sc-2383; 1:5,000 dilution; Santa 
Cruz Biotechnology, Inc.), according to the manufacturer's 
instructions. The protein of interest was visualized using 
an enhanced chemiluminescence western blotting substrate 
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(Pierce) and the Chemidoc XRS Gel Documentation system 
(Bio‑Rad Laboratories, Inc.). Antibodies against glyceralde-
hyde 3-phosphate dehydrogenase (G8795; mouse monoclonal; 
1:5,000 dilution) were obtained from Sigma‑Aldrich (St. Louis, 
MO, USA).

Statistical analysis. The results are expressed as the 
mean ± standard deviation of at least 3 separate experiments 
performed in triplicate. The differences between groups were 
determined using two‑tailed Student's t‑test, using SPSS 
software (version 22; IBM Corporation, Armonk, NY, USA). 
P<0.05 was considered to indicate a statistically significant 
difference. χ2 test or Fisher's exact test was used to analyze the 
association between miR‑26a expression and the clinicopatho-
logical features.

Results

Expression of miR‑26a was lower in AIPC tissues compared 
with ADPC tissues. miR‑26a expression was assessed in 
12  AIPC tissues and 20  ADPC cases, together with the 
matched adjacent non‑tumor prostate tissues. It was found that 
AIPC tissues showed the lowest miR‑26a expression, followed 
by ADPC groups (P=0.037; Fig. 1A), and the non-tumor tissues 
showed significantly increased miR‑26a expression compared 
with prostate cancer tissues (P=0.044). To confirm these 
clinical findings, the miR‑26a expression using the ADPC 
LNCaP cell line, AIPC PC3 cell line and the 2 normal pros-
tate epithelial RWPE‑1 and PWR‑1E cell lines. The expression 
of miR‑26a was lowest in the PC3 cells, followed by LNCaP 
cells (P=0.02). RWPE‑1 and PWR‑1E cells showed higher 
miR‑26a expression levels (Fig. 1B). These data indicated that 
miR‑26a expression was decreased in prostate cancer tissues 
and cell lines, with AIPC showing lower miR‑26a expression 
compared with ADPC.

miR‑26a negatively regulated prostate cancer cell prolif‑
eration by enhancing cell apoptosis. LNCaP and PC3 cells 
were then transfected with miR‑26a mimics, inhibitors and 
control for 24 h and the efficiency of transfection was shown 

in Fig. 2A and B. miR‑26a mimics significantly reduced the 
number of live cells (P=0.02), while miR‑26a inhibitors had 
little effect (Fig. 2C). The same trend was also observed in 
PC3 cells (Fig. 2D). Subsequently, the cell apoptosis rates were 
determined using the Annexin V‑Fluos staining kit I in the 
LNCaP (Fig. 2E) and PC3 (Fig. 2F) cells miR‑26a mimics 
significantly enhanced the apoptosis rate (P=0.01), while 
miR‑26a had the opposite effect (P=0.008; Fig. 2E). The same 
trend was observed in PC3 cells (Fig. 2F). These data indi-
cated that miR‑26a performs an important role in apoptosis 
development.

COX‑2 is a miR‑26a target gene in prostate cancer cells. To 
determine the potential role of miR‑26a in mediating apop-
tosis, bioinformatic approaches identified potential miR‑26a 
targets, and miRNA target identification quality was improved 
through the combined use of prediction programs. COX‑2 
was identified as a putative miR‑26a target gene (Fig. 3A). 
To directly address whether miR‑26a binds to the 3'‑UTR of 
target mRNAs, luciferase reporter vectors that contained the 
putative miR‑26a binding sites within 3'‑UTR and the mutant 
3'‑UTR were generated. As shown in Fig. 3B, a marked reduc-
tion in luciferase activity in cells transfected with miR‑26a 
mimics and luciferase report vectors was observed (P=0.02). 
By contrast, no change of luciferase activity was observed in 
cells transfected with the mutant 3'‑UTR constructs.

miR‑26a mediates COX‑2 expression via mRNA degradation. 
Measurement of the mRNA and protein levels of COX‑2 in 
LNCaP and PC3 cells transfected with miR‑26a mimics or 
inhibitors revealed that overexpression (OV) of miR‑26a 
resulted in the downregulation of the mRNA and the protein 
levels of COX‑2 (P=0.02), while miR‑26a inhibitors had the 
opposite effect on the target proteins (Fig. 3C and D). These 
data suggest that COX‑2 is a potential target of miR‑26a in 
prostate cancer cells and miR‑26a mediates COX‑2 expression 
via mRNA degradation.

miR‑26a increased cell apoptosis by targeting COX‑2 
expression. COX‑2 expression was associated with cancer 

Figure 1. miR‑26a expression is decreased in prostate cancer tissues and cells. (A) qPCR results comparing miR‑26a levels between ADPC and AIPC tissues 
and normal tissues. (B) qPCR results comparing miR‑26a levels among among normal prostate (RWPE-1 and PWR-1E), ADPC (LNCaP) and AIPC (PC3) 
cell lines. qPCR, quantitative polymerase chain reaction; ADPC, androgen‑dependent prostate cancer; AIPC, androgen‑independent prostate cancer; miR-26a, 
microRNA-26a.
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Table I. Association between miR‑26a expression and clinicopathological variables of patients with prostate cancer.

	 miR-26a expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables	 Cases	 Low	 High	 P‑value

Gleason score				    0.02
  ≤7	 13	   2	 11	
  >7	 19	 11	 8	
T stage				    0.04
  I+II	 11	   5	 6	
  III+IV	 21	 17	 4	
PSA dependence				    0.04
  AIPC	 20	 14	 6	
  ADPC	 12	   5	 7

Low, miR-26a/U6 <2.1; and high, miR-26a/U6 ≥2.1. miR, microRNA; PSA, prostate specific antigen; AIPC, androgen‑independent prostate 
cancer; ADPC, androgen‑dependent prostate cancer.
 

Figure 2. miR‑26a negatively regulates prostate cancer cell proliferation by enhancing cell apoptosis. Cells were transfected with miR‑26a mimics, inhibitor 
or NC. The relative miR-26a expression was calculated for (A) LNCaP and (B) PC3 cells. Subsequently, growth curves for (C) LNCaP and (D) PC3 cells were 
determined. Apoptosis rates for (E) LNCaP and (F) PC3 cells were also calculated. miR-26a, microRNA-26a; NC, negative control.

  A   B

  C   D

  E   F
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cell apoptosis; therefore, the subsequent investigations were 
designed to explore whether miR‑26a promotes apoptosis by 
suppressing COX‑2. Cells were transiently transfected with 
the pcDNA3.1‑COX‑2 OV and siRNA for COX‑2 knockdown 
(KD) plasmids, together with miR‑26a mimics, control or 
inhibitor. As shown in Fig. 4, apoptosis of LNCaP cells was 
markedly reduced in the COX‑2 OV group (P=0.001), and 
enhanced in the COX‑2 KD group (P=0.003), indicating that 

COX‑2 negatively regulated the development of apoptosis. 
Cotransfection with miR‑26a mimics blocked the apoptosis 
reduction in the OV group (P=0.001), while in the KD group, 
miR‑26a mimics and miR‑26a inhibitor had little effect on the 
apoptosis rates. The same results were also observed in PC3 
cells (data not shown). These data suggested that miR‑26a 
upregulated apoptosis by suppressing COX‑2 expression.

miR‑26a expression and the association with clinical 
features. The association between miR‑26a mRNA expres-
sion and clinical features of prostate cancer was analyzed in 
the high (miR-26a/U6 mean value ≥2.1) and low (miR-26a/
U6 mean value <2.1) miR‑26a expression groups, based on 
the results of RT‑qPCR analysis. As shown in Table I, low 
miR‑26a density was found in 14 cases of AIPC (70%), and 
only in 5 cases of ADPC (41.7%). In addition, intratumoral 
miR‑26a density was negatively associated with the Gleason 
score (P=0.02) and T stage (P=0.04). These data indicated 
that patients with lower miR‑26a density had an evidently 
poor prognosis (Table I).

Discussion

The expression level of miR‑26a has been found to be down-
regulated in various types of cancers, and the miRNA was 
demonstrated to be a tumor suppressor that inhibits cancer 
cell proliferation by targeting various key proteins, such 
as EZH2 (15) and MCL‑2 (16). By contrast, miR‑26a was 
reported to facilitate carcinogenesis through the inhibition of 

Figure 4. miR‑26a enhanced cell apoptosis by suppressing COX‑2 expres-
sion. LNCaP cells were transfected with the COX-2 OV plasmid, COX-2 
KD plasmid or control vector, together with miR‑26a mimics or inhibitor, 
and then apoptosis rates were determined. COX-2, cytochrome c oxidase 
subunit II; OV, overexpression; KD, knockdown; miR-26a, microRNA-26a.

Figure 3. Identification of COX‑2 as a potential target of miR‑26a. (A) Region of the human COX‑2 mRNA 3'-UTR predicted to be targeted by miR‑26a. 
(B) HEK‑293 cells were transiently cotransfected with luciferase reporter vectors, and miR‑26a mimics, inhibitor or NC. Luciferase activity was normalized to 
the activity of Renilla luciferase. (C and D) LNCaP cells were transfected with miR‑26a mimics, inhibitor or NC. Subsequently, the (C) mRNA and (D) protein 
levels of COX‑2 were determined. COX-2, cytochrome c oxidase subunit II; 3'-UTR, 3'-untranslated region; NC, negative control; miR-26a, microRNA-26a; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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phosphatase and tensin homolog (17). These studies indicated 
that miR‑26 may play a different role in different tumors.

For prostate cancer, previous studies have demonstrated 
that miR‑26a expression was lower in tumor tissues compared 
with their normal controls, which was also found in prostate 
cancer cells compared with normal cells (18). Consistent with 
these studies, the present study also found that the expression of 
miR‑26a was downregulated in prostate cancer tissues and cell 
lines. Notably, miR‑26a expression was significantly lower in 
the AIPC group compared with the ADPC group. Furthermore, 
a significant association was also observed between miR‑26a 
expression and increased Gleason scores (P=0.02), and between 
miR‑26a expression and tumor stage (P=0.04), indicating that 
the low miR‑26a level was predictive of a poor prognosis.

Cell based assay indicated that miR‑26a OV resulted in 
inhibition of tumor cell proliferation. In addition, the present 
study, to the best of our knowledge, is the first to demonstrate 
that negative regulatory function of miR‑26a against COX‑2 
mediated apoptosis promotion was the main reason for tumor 
inhibition. COX‑2 expression is suggested to be triggered by a 
variety of cytokines, and was shown to be a negative regulator 
of apoptosis (19). Accumulating evidence from experiments 
and clinical trials indicate that COX‑2 plays a role in human 
carcinogenesis by inhibiting apoptosis, and COX‑2 inhibi-
tors were demonstrated to be able to arrest prostate cancer 
growth (20,21). In the present study, apoptosis was markedly 
reduced in miR‑26a inhibitor treatment, and then cotransfec-
tion si‑COX‑2 blocked this apoptosis reduction, suggesting that 
miR‑26a‑regulated cell apoptosis was dependent on COX‑2.

Several miRNAs were demonstrated to modulate cell 
function through targeting COX‑2. Wu et al (9) showed that 
miR‑146a enhances Helicobacter pylori‑induced cell apop-
tosis in human gastric cancer epithelial cells by targeting 
COX‑2. Hao et al (22) demonstrated that enforced expression 
of miR‑101 inhibits prostate cancer cell growth by modulating 
the COX‑2 pathway. miR‑16 has also been identified as a poten-
tial tumor regulator by targeting COX‑2 (23). In addition to the 
present findings, these studies provide a novel cancer therapy 
based on miRNAs by directly inhibiting COX‑2 expression.

The present study may assist in our understanding of the 
miR-26a regulation of AIPC formation in order to provide 
insight into the unique character of prostate cancer develop-
ment. Furthermore, AIPC‑related miR-26a could become a 
novel diagnostic or therapeutic tool in prostate cancer. The 
main limitation of the present study was that the small study 
and so further studies on a greater number of patients are 
ongoing to aid the generalizability of these conclusions.
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