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Abstract. The aim of the present study was to use the 
clustered regularly interspaced short palindromic repeats 
(criSPr) and criSPr-associated (cas) 9-mediated gene 
knockout technology for the rapid classification of the differ-
ential function of micro (mi)rnas screened using mirna 
expression profiling by microarray. The rational design of 
single guide rnas for the criSPr/Cas9 system was verified 
to function in human LNCaP cells with rapid and efficient 
target gene editing. mirna (mir)-205, mir-221, mir-222, 
mir-30c, mir-224, mir-455-3p, mir-23b and mir-505 were 
downregulated in patients with prostate cancer (Pca) and were 
experimentally validated to function as tumor suppressors in 
prostate cancer cells, affecting tumor proliferation, invasion 
and aerobic glycolysis. in addition, the data of the present study 
suggested that miR‑663a and mfiR‑1225‑5p were upregulated 

in prostate cancer tissues and cell proliferation of mir-663a 
and miR‑1225‑5p knockout PCa cells was significantly lower 
compared with mir-nc cells. Furthermore, knockout of 
miR‑1225‑5p and miR‑663a significantly decreased the lactate 
production in lncaP cells in vitro. in conclusion, the present 
study offered a simple and efficient method for rapidly clas-
sifying mirna function by applying criSPr/cas9 in lncaP 
cells. The present study suggested, for the first time to the best 
of the authors' knowledge, that the aberrant expression of 
mir-663a and mir-1225-5p may be involved with the progres-
sion of prostate cancer, implying their potential as candidate 
markers for this type of cancer. However, the precise role of 
mir-663a and mir-1225-5p in accelerating the development 
of prostate cancer and promoting tumor progression remains 
to be elucidated.

Introduction

Prostate cancer (Pca), which is a clinically heteroge-
neous-multifocal disease, is the second most frequently 
diagnosed cancer in males worldwide (1). The most recent 
uS statistic reported that in 2017 the number of new cases 
and cases of mortality associated with Pca in the uS were 
161,360 and 26,730, respectively (1). micrornas (mirnas or 
mirs) are small noncoding rnas (length ~22 nt) expressed 
in animal and plant cells (2,3). mirnas are the smallest 
known carriers of gene-encoded, post-transcriptional regu-
latory information in plants and animals (4), and suppress 
a variety of gene expression at the post-transcriptional level 
by pairing with complementary nucleotide sequences in the 
3'-untranslated region (uTr) of specific target genes (5). 
accumulated evidence suggests that mirnas serve as tumor 
suppressor or oncogenes depending on the target gene (6,7) 
and dysregulation of mirnas may serve important roles in 
the initiation and progression of types of cancer of various 
tissue origins (8).
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Similar to other malignancies, Pca has a distinctive mir 
expression profile, which has been the basis for the functional 
study of mirna in Pca (7-9). Porkka et al (7) demonstrated 
that 37 mirnas were downregulated and 14 upregulated 
in Pca tissues compared with benign tissues. a previous 
study obtained differential expression data of mirnas 
in Pca determined by mirna microarray analyses and 
reported that 11 mirnas were upregulated and 17 mirnas 
were downregulated in Pca (10). However, these previous 
gain-of-function studies did not include loss-of-function 
analyses using mirna knockout and applying the clustered 
regularly interspaced short palindromic repeats (criSPr) 
and criSPr-associated (cas) 9 system, which can effectively, 
specifically and stably suppress gene expression in vitro and 
in vivo (11,12). criSPr/cas9 is a recently discovered genome 
editing system, which has markedly changed the way that 
researchers study genes and their functions in mamma-
lian systems (12,13). it is derived from the criSPr/cas 
bacterial-acquired immune system and cas9 is directed by 
guide (g)rnas, which match the dna targeted in cleavage to 
modify the respective gene (11,13).

To classify rapidly the differential functions of mirnas, 
which were identified through miRNA expression profiling 
in Pca, the criSPr/cas9 system was used to knockout the 
expression of Pca-associated mirnas, including mir-205, 
mir-221, mir-455-3p, mir-222, mir-224, mir-505, mir-23b, 
mir-30c, mir-1225-5p and mir-663a in lncaP cells. The 
proliferation, invasion and metabolic changes were determined.

Materials and methods

Prostate cancer‑associated miRNA Data. The prostate 
cancer-associated mirna is the differentially expressed 
mirna in the Pca tissue compared with the adjacent benign 
prostate gland tissues, which is from our mirna expres-
sion profiling microarray data (GEO, https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSe34932) and the Taylor 
database (Geo, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSe21032; Table i) (10).

Cell culture. The human Pca cell line, lncaP was purchased 
from the american Type culture collection and cultured in 
rPMi-1640 medium (Hyclone; cytiva) supplemented with 
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
inc.), 2 mM l-glutamine and 1% penicillin/streptomycin 
antibiotics (Thermo Fisher Scientific, Inc.). Cells were main-
tained at 37˚C in a humidified chamber supplemented with 
5% co2.

Single guide (sg)RNA design and plasmid construction. 
Target sequences of mir-205, mir-221, mir-455-3p, 
mir-222, mir-224, mir-505, mir-23b, mir-30c, 
mir-1225-5p and mir-663a for criSPr interference 
were designed. Taking mir-205 as an example (Gene 
id406988; http://www.ncbi.nlm.nih.gov/gene/406988): The 
gene sequence 5'-aaa GaT ccT caG aca aTc caT GTG 
cTT cTc TTG Tcc TTc aTT cca ccG GaG TcT GTc Tca 
Tac cca acc aGa TTT caG TGG aGT Gaa GTT caG GaG 
Gca TGG aGc TGa ca-3' was retrieved and downloaded 
from GeneBank and the sgrna was designed by Zhang lab 

(https://zlab.bio/guide-design-resources) using Target Finder 
(version 2014, http://targetfinder.flycrispr.neuro.brown.edu/) 
and dna 2.0 grna (https://www.dna20.com). a total of four 
optimal target sequences for each mirna were selected and 
four scramble sequences were used as controls (Table Si). 
Subsequently, two complementary oligonucleotides with 
Bbsl restriction sites for grnas were synthesized and cloned 
into criSPr/cas9 lenticriSPr-v2 vector (cat. no. 52961; 
addgene, inc.) by HYYMed company using T4 dna ligase 
(cat. no. d2011B; Takara Biotechnology co., ltd.) (14). 

Cell line construction and transfection. lncaP cells were 
seeded in 6-well plates (3x105), grown to ~70% confluence 
and transfected with the criSPr/cas9 lenticriSPr-v2 
vector plasmid construct (2 µg) using lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocols. on the day following transfection, 
cells were treated with 10 mg/ml of puromycin (Beyotime 
Institute of Biotechnology) and maintained at 37˚C in a 
humidified chamber supplemented with 5% CO2 for >2 days. 
Subsequently, the cells were harvested or cultured for further 
experiments.

T7 endonuclease I (T7E1) assays for knockout efficiency. 
T7e1 digestion assay was performed to analyze the gene 
knockout efficiency as previously described (15,16). Genomic 
dna of transfected cells was extracted using HiPure Tissue 
dna Mini kit (cat. no. d3121-03; angen Biotech co., ltd.) 
according to the manufacturer's protocols. The target site 
of sgRNA was amplified by PCR and DNA fragments were 
subjected to digestion with the mismatch-sensitive T7e1 
(cat. no. e3321; new england Biolabs, inc.). For T7e1 diges-
tion, amplified PCR products were denatured at 95˚C for 5 min 
and slowly cooled to room temperature to allow formation 
of heteroduplex dna; the annealed products were incubated 
with 0.5 µl T7E1 for 30 min at 37˚C and the digested DNA 
was separated on 2% agarose gels. Based on relative band 
intensities, the small insertion and deletion (indel) percentage 
was calculated using the formula, 1-√ 1-(b+c)/(a+b+c) x100, 
where a is the integrated intensity of the undigested Pcr 
product, and b and c are the integrated intensities of each 
cleavage product (14).

Cell proliferation assay. For cell viability assays, cells were 
seeded in 96-well plates at 5,000 cells/200 µl per well and 
cultured for 24, 48 and 72 h. cells were then incubated with 
20 µl cell counting Kit-8 (ccK-8) solution (cat. no. c0038; 
Beyotime Institute of Biotechnology) for 2 h at 37˚C according 
to the manufacturer's protocol. The absorbance was measured 
at 450 nm using a spectrophotometer.

Cell invasion assay. Transwell inserts (pore size, 8 µm) were 
filled with 50 µl of a mixture of serum-free rPMi-1640 
medium and Matrigel (ratio, 1:10; Bd Biosciences) for 
30 min at 37˚C. The inserts were placed in 24‑well tissue 
culture plates (Transwell; corning inc.) containing 10% 
FBS‑medium. Following solidification by incubation in 37˚C 
for 4 h, 8x104 cells in 200 µl medium were placed in upper 
chambers. Following a 48‑h incubation at 37˚C with 5% CO2, 
culture medium with mitomycin to halt the mitosis was 
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added and the membranes were fixed with 10% formalin for 
5 min at room temperature and stained with 0.05% crystal 
violet for 10 min at room temperature. Migrated cells were 
assessed and the data were expressed as the mean ± standard 
deviation.

Detection of lactic acid. The culture medium was collected 
and the concentration of lactic acid was determined using the 
GeM Premier 3000 Blood Gas analyzer (instrumentation 
laboratory inc.). lactate was measured by amperometry 
based on the following principle: lactate oxidase, immobi-
lized on a lactate biochip sensor, selectively converted lactate 
into pyruvate and hydrogen peroxide (H2o2), the released 
H2o2 oxidizes on a platinum electrode and produces an elec-
tric current that is proportional to the lactate concentration in 
the blood sample.

Statistical analysis. data are expressed as the mean ± standard 
deviation. data analysis was performed by using one-way 
anoVa followed by Tukey's post hoc test or independent 
samples t-test between control and experimental groups using 
SPSS 17.0 (SPSS, inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Prostate cancer‑associated miRNAs selection. The Pca 
differentially expressing mirnas with fold change >1.5 
were selected for mirna expression profiling (Table i). 
The following differentially expressing mirnas were 
selected: hsa-mir-205, hsa-mir-221, hsa-mir-455-3p, 
hsa-mir-222, hsa-mir-224, hsa-mir-505, hsa-mir-23b, 
hsa-mir-30c, hsa-mir-1225-5p and hsa-mir-663a (down-
regulated, 8; upregulated, 2; Table i) (10). To further study 
the above mirnas function in prostate cancer cell, the use 
of criSPr/cas9-mediated gene knockout technology for the 
rapid classification of the function of differential miRNAs was 
assessed in the following.

miRNAs knockout by CRISPR/Cas9 system. in the present 
study, a total of four optimal target sgrna sequences for 
each mirna were designed (Table Si), and every sgrna 
position in genomic dna was illustrated in Fig. Sia. The 
sgrna sequence was synthesized (Table Sii) and cloned into 
the criSPr/cas9 lenticriSPr-v2 vector as demonstrated 
in Fig. S1B (14). To verify the knockout efficiency of miRNAs 
in human lncaP cells, a mismatch-sensitive T7e1 assay was 
conducted to analyze the sgRNA target genomics profiling as 
previously described (15). The Pcr primers for T7e1 assay 
of mirnas were designed (Table Siii and Fig. S2). The T7e1 
assay result is presented in Fig. 1. By comparing the bright 
lanes of ‘uncut’ (u) and ‘cut’ (c), it demonstrated that the 
mixture of the mir-205 sgrna vectors demonstrated effec-
tive knockout of the mir-205 gene in lncaP cells with >90% 
indel percentage and the other mirnas also demonstrated a 
positive knockout effect.

miRNAs affect prostate cancer cell proliferation. To study 
the influence of the differentially expressed miRNAs on PCa 
cells, a lentiviral vector knockout system for the mirnas 
using the criSPr/cas9 system was applied and stable lncaP 
cells were established following lentivector transfection. 
Proliferation was investigated by ccK-8 assay. The results 
indicated that the proliferative abilities of mir-222, mir-224, 
miR‑23b, miR‑205 and miR‑30c knockout cells were signifi-
cantly enhanced (P<0.05) compared with the blank vector 
groups in lncaP cells lines at 72 h following transfection 
(Fig. 2a). in contrast, the proliferative abilities of mir-1225-5p 
and miR‑663a knockout were significantly reduced (P<0.01; 
Fig. 2B). The other group of mir-221, mir-455-3p, mir-505 
showed no function on the cell proliferation of prostate cancer 
(P>0.05; Fig. 2c).

miRNAs affect prostate cancer cell invasion. in the present 
study, Transwell assays were performed to study the effect of 
various mirnas on Pca cell invasion. The results revealed 
that knockout of mir-205, mir-221, mir-455-3p, mir-222, 

Table I. Differentially expressed miRNAs in PCa (Fold change ≥1.5, P<0.05). 

 mirna microarray data Taylor database
 ------------------------------------------------------------------------------- ------------------------------------------------
name regulation Fold change P-value Fold change P-value chromosomal location

hsa-mir-205 down 58.96 0.009 3.19 <0.001 1:209605478-209605587[+]
hsa-mir-221 down 5.15 0.036 3.24 <0.001 X:45605585-45605694[-]
hsa-mir-455-3p down 4.39 0.014 1.63 0.003 9:116971714-116971809[+]
hsa-mir-222 down 3.94 0.036 3.55 <0.001 X:45606421-45606530[-]
hsa-mir-221 down 3.50 0.050 1.59 0.008 X:45605585-45605694[-]
hsa-mir-224 down 3.32 0.011 2.56 <0.001 X:151127050-151127130[-]
hsa-mir-505 down 2.72 0.038 1.52 <0.001 X:139006307-139006390[-]
hsa-mir-23b down 2.70 0.033 1.86 <0.001 9:97847490-97847586[+]
hsa-mir-30c down 2.09 0.018 1.60 <0.001 1:41222956-41223044[+]
hsa-mir-1225-5p up 3.37 0.041 1.56 0.005 16:2140196-2140285[-]
hsa-mir-663a up 2.71 0.044 2.64 <0.001 20:26188822-26188914[-]

mir, microrna; Pca, prostate cancer; hsa, human.
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mir-224, mir-505, mir-23b and mir-30c significantly 
increased invasive activities of lncaP cells compared with 

the control cells (P<0.01; Fig. 3), which suggested that these 
mirnas may act as tumor suppressors in Pca.

Figure 2. cell proliferation assay. (a) The mirnas group of enhancing the cell proliferation. (B) The mirnas group of reducing the cell proliferation. (c) The 
mirnas group of un-affecting the cell proliferation. *P<0.05 and **P<0.01. nc, negative control with scramble vector; mirnas, micro rnas.

Figure 1. T7E1 assay for knockout efficiency. Each sample consists of three lanes in the agarose gel: The left lane is an DNA marker (M), the middle lane is 
‘uncut’ (u), meaning no treatment, and the right lane is ‘cut’ (c), digested by the T7e1 endonuclease. The ‘cut’ lane demonstrated additional lower dna bands 
and the decreased bright of the bands compare the ‘uncut’ lane. Diverse intensities of lower bands presumably reflect different degrees of mosaic mutations. 
Puc19 digested by the T7e1 is used as the positive control. T7e1, T7 endonuclease i.
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miRNAs affect prostate cancer cell metabolism. in the present 
study, the lactic acid concentration in culture medium of 
mirna-knockout lncaP cells was detected in vitro to represent 
the cell metabolism. as presented in Fig. 4, knockout of mir-505 
and mir-23b demonstrated increased lactate production in 
lncaP cells in vitro (P<0.01), while knockout of mir-1225-5p, 
mir-663a, mir-205, mir-30c, mir-222 and mir-224 significantly 
decreased the lactic acid concentration (P<0.01). 

Discussion

Pca is one of the most common malignancies in europe 
and the uS and poses a serious threat to the health of older 
males (1,17). mirnas are small non-coding rna molecules 
that regulate gene expression by base pairing with their target 
mrnas and they contribute to cancer initiation, progression 
and metastasis by directly modulating oncogenic or tumor 
suppressor pathways (18). Previous studies demonstrated that 

mirna expression patterns serve as phenotypic signatures 
of various types of cancer and may be used as diagnostic, 
prognostic and therapeutic tools (9,10,19). Previous studies 
have analyzed global mirna expression profiles or the 
functional role of mirnas in Pca; however, results are 
inconsistent (20,21).

in the present study, eight down- and two upregulated 
mirnas in Pca tissues were selected based on previous 
miRNA expression profiling microarray data and the Taylor 
database. downregulation of mir-205, mir-221, mir-455-3p, 
mir-222, mir-224, mir-505, mir-23b and mir-30c in Pca 
tissues led to the hypothesis that these mirnas may function 
as tumor suppressors. criSPr/cas9-mediated gene knockout 
technology was applied to classify the differentially expressed 
mirna functions. Proliferation and invasive abilities 
of the mirnas were subsequently validated by ccK-8 and 
Transwell assays. according the Warburg effect, aggressive 
tumors frequently exhibit metabolic alteration and reveal an 

Figure 3. Cell invasion assay. Cell invasion was detected by Transwell invasion assay. Cell numbers were counted in six independent symmetrical visual fields 
under a microscope at x200 magnification. **P<0.01. nc, negative control with scramble vector.
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increasing dependence on the glycolytic pathway to generate 
aTP, even in the presence of oxygen (22). The increased 
glycolysis may be a response to the hypoxic conditions char-
acterizing the microenvironment of malignant cells (22). The 
generation and accumulation of lactic acid leads to micro-
environmental acidosis and facilitates tumor proliferation, 
invasion and metastasis (23). in the present study, the lactic 
acid concentration of the mirna knockout lncaP cells was 
detected in vitro.

mir-205 is reported to be downregulated in patients with 
Pca and acts as a tumor suppressor (24-26). Verdoodt et al (27) 
reported that mirna-205 is a novel regulator of the anti-apop-
totic protein B-cell lymphoma 2 and promotes apoptosis 
in Pca cells in response to dna damage by cisplatin and 
doxorubicin treatment, and it further inhibits proliferation in 
Pc3 and lncaP cells. recently, studies (28,29) suggested 
that mirna-205 serves as a prognostic factor and suppresses 
proliferation and invasion in various types of cancers, 
which is consistent with the results of the present study. 
downregulation of mir-221 and mir-222 are frequently 
observed in Pca samples and certain differentially expressed 
gene targets are associated with Pca (9,10,21,30). The results 
of the present study indicated that the downregulation of 
mir-30c promoted cell proliferation and invasion, which was 
consistent with previous studies (31,32). other studies (33,34) 
suggest that mir-224 directly targets the ras-association 
domain family and acts as a tumor promoter in cervical 
and gastric cancer progression. liu et al (35) indicated that 
mir-224 inhibits proliferation and migration of breast cancer 
cells by downregulating Fizzled-5 expression. The present 
study demonstrated that mir-224 was downregulated in Pca 
and knockout of mir-224 promoted proliferation and invasion 
in lncaP cells. recently, mirna-455-3p was described to 
be markedly downregulated in Pca cells and clinical tumor 
specimens and it functions as a tumor suppressor by targeting 
eukaryotic translation initiation factor 4e and by inhibiting 
proliferation of Pca cells (36). notably, the present study 
revealed that knockout of mirna-455-3p promoted invasion 
of lncaP cells. it was reported that mir-505 functions as a 
tumor suppressor in endometrial cancer by targeting tumor 

growth factor α and mir-505 modulated cancer proliferation 
and migration in human non-small cell lung cancer through 
inverse regulation of FZD4 (37). However, the functions 
remain to be elucidated in human Pca.

The present study described that knockout of mir-505 
efficiently enhanced PCa cell invasion. A downregulated expres-
sion of mir-23b was described for malignant Pca tissues. The 
mir-23b/-27b cluster functions as a metastasis-suppressor by 
decreasing Huntingtin-interacting protein 1-related protein 
levels in preclinical models of Pca (38), which is consistent 
with the results of the present study that mir-23b inhibited Pca 
proliferation and invasion. Knockout of mir-505 and mir-23b 
demonstrated increased lactate production in lncaP cells 
in vitro, which indicated that mir-505 and mir-23b may be 
involved in the metabolic regulation. The difference in lactic acid 
levels between the control and mirna-knockout groups was not 
as significant as anticipated, this may be a limitation in the detec-
tion method of the GeM Premier 3,000 Blood Gas analyzer; 
the lactic acid levels were detected in conditional medium but 
not in cells. a better method and devices, such as Seahorse XF 
analyzers, can be applied to live-cell metabolic assays.

mirna-663a has been revealed to be downregulated in 
non-small cell lung cancer and to suppress cell proliferation 
and invasion by targeting Jund (39) and mir-1225-5p was 
revealed to serve to constrain gastric carcinoma growth and 
the metastatic potential via inhibition of insulin receptor 
substrate-1 and β-catenin signaling (40). The role of mir-663a 
and mir-1225-5p in Pca has not been previously addressed. 
The data from the present study indicated that mir-663a 
and mir-1225-5p were upregulated in Pca tissues and cell 
proliferation in mir-663a and mir-1225-5p knockout Pca 
cells was significantly lower compared with miR‑NC cells. 
In addition, knockout of miR‑1225‑5p and miR‑663a signifi-
cantly decreased the lactate production in the lncaP cells 
in vitro. collectively, the data demonstrated that mir-663a and 
mir-1225-5p functioned as tumor promoters in Pca progres-
sion. The results provided a starting point for future research 
into the function of mir-663a and mir-1225-5p and suggested 
that mir-663a and mir-1225-5p upregulation may be involved 
in the progression of Pca and this may promote the clinical 
application of mir-663a and mir-1225-5p as Pca biomarkers.

In conclusion, the present study offered a simple and effi-
cient method for rapidly classifying mirna function using 
the criSPr/cas9 system in lncaP cells. mir-205, mir-221, 
mir-222, mir-30c, mir-224, mirna-455-3p, mir-23b and 
mir-505 downregulation in patients with Pca were experimen-
tally validated to function as tumor suppressors in Pca cells. 
The data from the present study, for the first time to the best 
of the authors' knowledge, suggested that the aberrant expres-
sion of mir-663a and mir-1225-5p may be involved with Pca 
progression, implying their potential as candidate markers for 
this type of cancer. However, the precise roles of mir-663a 
and mir-1225-5p in accelerating the development of Pca and 
promoting tumor progression require further clarification. 
limitations of the present study were that only one cell line, 
lncap, was investigated and that the criSPr/cas9 system 
has a potential off-target problem, which may cause the cell 
function to change by the knockout of another unexpected gene, 
thus the detailed function of mirna requires further study by 
overexpression and knockout of mirna in vitro and in vivo. 

Figure 4. Measurement of lactic acid. culture medium was collected and the 
concentration of lactic acid was determined using the GeM Premier 3000 Blood 
Gas analyzer. data are presented as the mean ± standard deviation of three inde-
pendent experiments. **P<0.01. nc, negative control with scramble vector.
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