
Xu et al. World Journal of Surgical Oncology          (2021) 19:338  
https://doi.org/10.1186/s12957-021-02449-2

RESEARCH

miRNA-214-5p inhibits prostate cancer cell 
proliferation by targeting SOX4
Guangchi Xu, Yin Meng, Lihe Wang, Bo Dong, Feifei Peng, Songtao Liu, Shukui Li and Tao Liu* 

Abstract 

Background:  Prostate cancer is the most common malignant tumor in men. Due to the lack of theoretical research 
on its pathogenic mechanism, the current cure rate is still low. miRNAs play an important role in the pathogenesis of 
various cancers. miRNA-214-5p plays an important role in the development of a variety of cancers. This study aims to 
explore the expression level of miR-214-5p in prostate cancer and make a preliminary study of its molecular mecha-
nism in the development of prostate cancer to provide effective new strategies for the treatment of prostate cancer.

Methods:  The target genes of miRNA-214-5p were predicted with bioinformatics technology, and the target rela-
tionship between miRNA-214-5p and its target genes was verified with dual luciferase reporter assay. RT-qPCR and 
Western blot were used to detect the expression levels of miRNA-214-5p and target genes in 50 clinical samples and 
two common prostate continuous cell lines, respectively. The targeting relationship between miRNA-214-5p and its 
target genes was verified with clinical data. miRNA-214-5p and miRNA-214-5p inhibitor was over-expressed in DU-145 
cell lines to verify the effect of miRNA-214-5p on prostate cancer cell proliferation and SOX4 gene expression. And 
the mechanism of miRNA-214-5p inhibiting the proliferation of prostate cancer cells were analyzed by detecting the 
expression difference of downstream factors of SOX4 pathway. Bioinformatics analysis showed that miRNA-214-5p 
combined with SOX4 3′UTR region, and dual luciferase reporter assay further verified the reliability of the predicted 
results. The low expression of miRNA-214-5p was observed in prostate cancer tissues and cells, while high expression 
of SOX4 was observed in prostate cancer tissues and cells.

Results:  Overexpression of miRNA-214-5p to prostate cancer cells significantly inhibited the proliferation of cancer 
cells, and the expression of SOX4 was inhibited in the transfected cell line. After transfection of miRNA-214-5p inhibi-
tor into prostate cancer cells, the cell proliferation rate further increased. Meanwhile, overexpression of miRNA-214-5p 
effectively inhibited the expression of SOX4 downstream factors, including c-Myc, eIF4E, and CDK4. However, the 
specific knockdown of SOX4 through SOX4 shRNA significantly reduced the proliferation of prostate cancer cell lines.

Conclusions:  miRNA-214-5 can inhibit the proliferation of prostate cancer cells by specifically targeting S0X4 and 
inhibiting the expression of growth factors downstream of this pathway.

Highlights 

1. Low expression of miRNA-214-5p is observed in prostate cancer cells.

2. miRNA-214-5p inhibits the proliferation of prostate cancer cells in vitro by targeting SOX4.
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Background
For male population, prostate cancer is most common 
malignant tumor second to lung cancer [1, 2] and also 
the fifth lethal disease in the world [3]. According to 
statistics, a total of 1,276,106 prostate cancer patients 
were newly diagnosed in 2018, and 358,989 of them 
died, accounting for 3.8% of the deaths of male cancer 
patients [4].

Studies have shown that early prostate cancer can be 
accurately detected by prostate specific antigen (PSA) 
screening. Under ideal circumstances, PSA screening can 
slightly reduce the mortality of prostate cancer patients 
with specific diseases within 10 years, but it has no sig-
nificant effect on the final survival rate [5]. Some other 
studies have pointed out that if patient’s life expectancy 
cannot be effectively extended, PSA screening can cause 
unnecessary side effects such as tissue biopsy compli-
cations. It leads to overdiagnosis and overtreatment, 
reduces the quality of life of patients, increases personal 
and national medical expenses, and reduces the value of 
PSA and digital rectal examination (DRE) as early detec-
tion methods [6].

In recent years, the clinical usability of integrated posi-
tron emission tomography (PET) and magnetic reso-
nance imaging (MRI) scanners has enabled multimodal, 
combined metabolic receptor, anatomical, and functional 
imaging joint assessment programs to be applied in prac-
tice [7]. Based on the available data, we have found that 
PET/MRI has very significant application value in the 
following aspects, including diagnosis of primary early 
prostate cancer; assistance of tissue biopsy positioning; 
predicting or detecting the aggressiveness of tumors in 
the active surveillance phase; early diagnosis of recur-
rent prostate cancer; and credible guidance for the clini-
cal treatment of prostate cancer [8]. But at the same time, 
we should also recognize the shortcomings of the com-
bined PET/MRI diagnosis technology, that is, the accu-
racy of this image-based diagnosis is very dependent on 
the interpretation of radiologists and urologists, which 
limits the large-scale promotion of this diagnostic tech-
nique [9]. Although the diagnostic technology of prostate 
cancer is constantly updated and iterated in modern soci-
ety, the actual situation reminds us to have a deeper and 
more comprehensive understanding of the pathogenesis 
and development process of prostate cancer, so as to use 
effective therapeutic drugs to significantly improve the 
cure rate and survival rate of prostate cancer patients 
with the continuously optimized support of early diagno-
sis technology in the future.

MicroRNAs (miRNAs) are a kind of non-coding RNAs 
derived from endogenous transcripts. They can facilitate 
genome regulation and fine-tuning through post-tran-
scriptional gene silencing [10]. Usually, these short RNAs 
are able to bind to specific sites in the 3′-UTR of their tar-
get genes and mediate mRNA degradation or block gene 
translation through complete or incomplete base pairing 
[11, 12]. As we all know, cancer is one of the most major 
causes of human death [13]. In recent years, more and 
more studies have found that miRNAs play an important 
role in tumorigenesis and tumor progression as they can 
participate in a variety of malignant behaviors related 
to cellular processes by targeting many transcripts [14]. 
According to previous reports, miRNAs play an impor-
tant role in the development of breast cancer, lung cancer, 
colon cancer, ovarian cancer, gastric cancer, and prostate 
cancer [15]. In the research progress of prostate cancer, 
miRNA-200b and miRNA-200c have been reported to be 
closely related to the development of prostate cancer, and 
they may be used as prognostic markers of prostate can-
cer [16]. As it has been widely confirmed that miRNAs 
are involved in cancer regulation, researchers are eager to 
explore the possibility of using them as therapeutic tar-
gets and tools to reverse the abnormal expression of miR-
NAs to normal levels, delivering significant therapeutic 
intervention [17].

A large number of studies have confirmed that miRNA-
214-5p plays an important role in a variety of tumors 
[18]. In the study of small or non-small cell lung cancer 
(NSCLC), researchers found that the expression of mul-
tiple miRNAs, including miRNA-214-5p in radiotherapy/
chemotherapy resistant NSCLC cells was significantly 
higher than that in radiosensitive cells, and the high 
expression of miRNA-214-5p can significantly improve 
the apoptosis caused by radiotherapy [19, 20]. Another 
study on gastric cancer showed that miRNA-214-5p 
inhibited the tumor enhancement effect of tumor-asso-
ciated fibroblast on gastric cancer by targeting fibroblast 
growth factor 9 (FGF9) in tumor-associated fibroblast 
and regulating epithelial to mesenchymal transition in 
gastric cancer [21]. Recent studies have shown that a long 
non-coding RNA-LINC00324 could competitively inhibit 
the function of miRNA-214-5 to inhibit the expression 
of cyclin-dependent protein kinase 6 (ICDK6), cyclin D1 
(CCND1), murine double minute 2 (MDM2) and murine 
double minute 4 (MDM4), thus promoting the prolifera-
tion of immature ovarian teratoma cells and inhibiting 
their apoptosis [22]. In addition to the above studies, it 
was also reported that the expression of miRNA-214-5p 
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in thyroid papilloma, liver cancer, and esophageal squa-
mous cell carcinoma was also significantly down regu-
lated, and overexpression of miRNA-214-5p could 
significantly promote the apoptosis of cancer cells, and 
inhibit the proliferation, migration, and invasion of can-
cer cells [23]. Moreover, miRNA-214-5p can affect the 
incidence and development of cancer by targeting a vari-
ety of tumor-related regulatory factors [24].

Relevant research data showed that in urine sam-
ples of prostate cancer patients, the expression level of 
miRNA-214 is significantly lower than that of non-cancer 
patients. At the same time, by evaluating the expression 
level of miRNA-214 in urine, it is possible to accurately 
distinguish prostate cancer patients from non-cancer 
patients. In the population, the sensitivity and specificity 
are as high as 89% and 80%, respectively [25]. Other stud-
ies have shown that there are significant differences in 
the transcription level of miRNA-214 in African Ameri-
can and Caucasian prostate cancer cell lines [26]. These 
results indicate that miRNA-214 may be involved in the 
development of prostate cancer, but the expression pat-
tern of miRNA-214 in clinical samples of prostate cancer 
and the mechanism of its involvement in prostate can-
cer are not yet clear. In order to explore the pathogenic 
mechanism of miRNA-214 in the development of pros-
tate cancer, this study tried to deeply explore the role of 
miRNA-214-5p in the proliferation of prostate cancer 
cells and its possible molecular mechanism to provide a 
potential new target for the clinical treatment of prostate 
cancer.

Test method
Instrument and reagent
DU-145 (ATCC HTB-81) and PC-3 (ATCC CRL-1435) 
cells were purchased from ATCC and the culture media 
were MEM medium and F12 medium (Catalog No.: 
30-2003; 30-2004) specially made by ATCC. PrimeSTAR 
HS DNA Polymerase (Catalog No.: R010A) was pur-
chased from Takara Bio (Dalian) Co., Ltd.. Psicheck-2 
and Dual-Luciferase Reporter Assay System (Catalog 
No.: C8021; E1910) were purchased from Promega. Tri-
zol (Catalog No.: 15596018) was purchased from Thermo 
Fisher. RIPA protein lysate and BCA protein concentra-
tion kit (Catalog No.: P0013B) were purchased from 
Beyotime Biotechnology Co., Ltd. Reverse transcription 
kit (Catalog No.: RR037B) was purchased from TAKARA 
Biological Company. Fluorescent quantitative PCR rea-
gent (Catalog No.: 491385001) was purchased from 
Roche Company. SOX4, c-Myc, eIF4E specific antibod-
ies (Catalog No.: sc-518016, sc-40, sc-100731) were pur-
chased from Santa Cruz. HRP-labeled goat anti-mouse 
secondary antibody (Catalog No.: HS201-01) was pur-
chased from TransGen Biotech Co., Ltd. X-tremeGENE 

siRNA Transfection Reagent (Catalog No.: 4476093001) 
was purchased from Roche. CCK-8 reagent (Catalog 
No.: C0037) was purchased from Beyotime Biotechnol-
ogy Co., Ltd. 4-15% gradient SDS-PAGE adhesive (Cat-
alog No.: 4561086) was purchased from Bio-Rad. Other 
inorganic reagents were purchased from Shaanxi Xilong 
Chemical Co., Ltd.

The full wavelength microplate reader (Model: 450 ) 
was purchased from Bio-Rad, USA. The small table type 
refrigerated centrifuge (Model: 75002456) was purchased 
from Thermo Fisher, USA. Western blot electrophore-
sis and transfer instrument (Model: 1645050) was pur-
chased from Bio-Rad, USA. Ordinary PCR instrument 
(Model: T100) was purchased from Bio-Rad. Fluorescent 
quantitative PCR instrument (Model: QuantStudio 6) 
was purchased from Thermo Fisher. The chemilumines-
cence colorimeter (Model: 1708265) was purchased from 
Bio-Rad.

Tissue collection
The tumor tissues and adjacent non-cancerous tis-
sues (normal tissues) of prostate cancer patients were 
obtained during the surgery for prostate cancer patients 
from 2017 to 2019 in Urology Department of the Sec-
ond Affiliated Hospital of Qiqihar Medical University. 
All obtained clinical tissues were rapidly frozen in liquid 
nitrogen and stored at − 80 °C. All tumor and normal tis-
sue samples were confirmed pathologically before use [1]. 
The specific differential diagnosis criteria were as follows: 
the samples of tumor and normal tissues collected in the 
process of surgery were analyzed by magnetic resonance 
spectroscopy, and if the ratio of (choline + creatine)/
citrate (CC / C) was higher than 0.99, the tissues were 
judged as prostate cancer tissues [27]. This test has been 
approved by the ethics committee of the Second Affili-
ated Hospital of Qiqihar Medical University (approval 
no. 2016-029).

Prediction of miRNA‑214‑5p target genes
The binding site of SOX4 targeted by miRNA-214-5p was 
predicated on TargetScan (http://​www.​targe​tscan.​org/​
vert_​72/) [28], an online analysis website of microRNA. 
According to the guidance of online prediction website, 
miRNA-214-5p was input to predict the target site of 
SOX4.

Luciferase reporter assay
According to the predicted results, the SOX4 3′-UTR 
promoter region was generated by the amplification of 
the results polymerase chain reaction (PCR), and it was 
recombined into the polyclonal site of psicheck2 dual 
luciferase reporter vector to construct the recombinant 
plasmid.

http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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Dual luciferase activity assay: the dual luciferase 
reporter system of Promega Company was used to detect 
the activity of firefly luciferase and renilla luciferase. 
After HEK-293 T cells were rinsed with PBS, PLB (pas-
sive lysis buffer) was added into each well of the cell plate 
which was then placed on a plate oscillator to be shaken 
violently for 15 min at room temperature to make cells 
fully lytic. The cells were collected in a centrifuge tube, 
and centrifuged at 12,000g for 30 s. About 20 μL cell lysate 
supernatant was added into a 96-well ELISA plate, and 
then LAR II was added to each well to read the enzyme 
activity of firefly luciferase. After that, Stop & GLo rea-
gent was added to read the enzyme activity of renilla 
luciferase. The relative luciferase activity of each sample 
was based on the ratio of the activity of renilla luciferase 
to that of firefly luciferase.

Cell culture
Prostate cancer cell lines DU-145 and PC-3 were pur-
chased from ATCC. The cell culture medium was RPMI 
1640 medium supplemented with 10% fetal bovine serum 
and 1% penicillin/streptomycin. The cells were incubated 
in a thermostatic biochemical incubator with 5% CO2 at 
37 °C.

miRNA transfection experiment
miRNA was synthesized in Shanghai GenePharma 
Co., Ltd, and the transfection was performed strictly 
in accordance with the instructions of X-tremeGENE 
siRNA Transfection Reagent of Roche [29]. DU-145 
and PC-3 were laid in a 24-well plate with a volume of 
3 × 105/well. The miRNA mimics and control miRNA 
were transfected into the cells, and then the protein and 
RNA expression level were detected with RT qPCR and 
Western blot.

CCK‑8 experiment
The proliferation efficiency of the transfected cells was 
measured at 6 h, 24 h, 48 h, and 72 h, respectively, as per 
the instructions [30]. About 50 μL CCK-8 solution was 
added to each well of the 24-well cell culture plate, and 
the well without cells were used as negative control. The 
cells were incubated in the cell culture chamber for 2 h, 
and the absorbance value at 450 nm was measured with 
the spectrophotometer.

Detection of the expression of miRNA‑214‑5p and SOX4 
in tissue samples
Detection of RNA level
Trizol method was used to extract total RNA from tis-
sues, and TAKARA reverse transcription kit was used 
to reverse transcribe RNA into cDNA. According to 
the instructions of Roche fluorescent quantitative PCR 

reagent, RT-qPCR experiment was performed to detect 
the change of the relative expression levels of miRNA-
214-5p, SOX4, and internal reference gene GAPDH 
mRNA. Related values were calculated with ΔΔCt 
method.

Detection of protein level
One hundred milligrams of tumor tissues and normal tis-
sues were mixed with 1 mL RIPA lysate and placed on ice 
for 30 min after full homogenization. During this period, 
the samples were oscillated every 10 min, and then cen-
trifuged at 4 °C with a speed of 12,000g × 10 min. The 
supernatant was collected, and the protein concentration 
was determined with BCA method. Five times of sam-
ple buffer was added to the total protein extracted from 
the tissue, and a 5-min boiling water bath was provided. 
About 10 μL protein sample were added to 4–15% pre-
loaded SDS-APGE protein gel, and electrophoresis was 
made at constant pressure of 200 V for 40 min. Then, the 
protein gel was placed in the membrane transfer system 
at constant pressure of 120 V for 60 min. After the trans-
fer printing, the protein gel was sealed in 5% BSA block-
ing solution for 1 h at room temperature. It was washed 
with PBS’T, SOX4, and c-Myc, and then eIF4E first anti-
body (1:1000 dilution) was added for incubation at room 
temperature for 1 h. After washing with PBS’T, HRP-
labeled goat anti-mouse secondary antibody (1:5000 dilu-
tion) was added for incubation at room temperature for 
1 h. And then, it was colored with ECL chemilumines-
cence solution in ChemiDoc XRS+ Gel Imaging System.

SOX4 shRNA knockdown experiment
The shRNA targeting human SOX4 gene was designed 
on Invitrogen online shRNA website. The synthesized 
shRNA was cloned into the lentiviral vector pGhU6, and 
the correctness of the vector was verified with sanger 
sequencing. shRNA sequence: Forward 5′-aaccccgc-
gacaagatccctttcattcaagagatgaaagggatcttgtcgctttttgg aa-3′; 
Reverse 5′-tcgattccaaaaagcgacaagatccctttcatctcttgaat-
gaaagggatcttgtcgcggggtt- 3′.

Upon the construction of the vector, pGhU6 auxil-
iary plasmids pspAX2 and PMD2.G were co-transfected 
into HEK293T cells. After 60 h, the cell culture medium 
was collected to obtain the successfully packaged lenti-
viral solution. The specific knockdown of SOX4 can be 
induced by transducing the lentivirus into PU-145 and 
DC-3 cell lines.

Data analysis
All statistical data were expressed as mean ± stand-
ard error (Mean ± SE). The differences between the 
experimental groups were analyzed with multiple 
comparison correction variances or t-test (Primer 5, 
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GraphPad Software). P < 0.05 was considered as signifi-
cant difference.

Results
Combination of miRNA‑214‑5p and SOX4 3’UTR regional 
specification
In order to identify the target gene binding sites of 
miRNA-214-5p on SOX4 3′- UTR, the bioinformatics 
software was used to predict the potential target sites 
of miRNA-214-5p on human SOX4 gene 3′UTR. The 
predicted results showed that the sites from 2391 bp 
to 2398 bp on human SOX4 gene 3′UTR (Fig.  1A) are 
most probably able to bind to miRNA-214-5p. To fur-
ther verify the accuracy of this prediction, the target 
gene was cloned into the dual luciferase reporter vector, 
psiCheck-2. The synthesized miRNA-214-5p mimics and 
negative control were co-transfected with the recombi-
nant vector into HEK-293 T cells. The results showed that 
miRNA-214-5p mimics could bind to SOX4 3′-UTR tar-
get sequence, significantly reducing the relative expres-
sion of luciferase (Fig. 1B).

miRNA‑214‑5p was lowly expressed and SOX4 was highly 
expressed in prostate cancer tissues
According to the expression differences of miRNA-
214-5p transcription in clinically collected prostate can-
cer tissue samples and normal tissue samples, it was 

found that the expression of miRNA-214-5p in pros-
tate cancer tissues was significantly lower than that 
in normal tissues (Fig.  2A). In order to verify whether 
miRNA-214-5p has the same expression pattern in pros-
tate cancer cell lines, we selected DU-145 and PC-3 cell 
lines. According to literature, most prostate cancer cell 
lines do not express endogenous androgen receptors, but 
researchers have detected the androgen receptor mRNA 
and protein in both DU-145 and PC-3 cell lines, which 
indicated that DU-145 and PC-3 cell lines are excel-
lent prostate cancer model cell lines [31]. Similar results 
were observed in prostate cancer cell lines DU-145 and 
PC-3 (Fig. 2B). At the same time, the expression of SOX4 
transcription and translation in prostate cancer tissues 
and normal tissues were explored. The results showed 
that mRNA and protein levels of SOX4 in prostate can-
cer tissues were significantly higher than those in nor-
mal tissues (Fig. 2C, D), indicating that SOX4 was highly 
expressed in prostate cancer tissues.

Overexpression of miRNA‑214‑5p inhibits cell proliferation, 
overexpression of miRNA‑214‑5p inhibitor inhibits 
the proliferation efficiency of prostate cancer cell lines
The above results indicated that the expression of 
miRNA-214-5p in tumor tissue cells was decreased. 
Therefore, we wanted to explore the role of miRNA-
214-5p in cell proliferation. To this end, the 

Fig. 1  Regions of miRNA-214-5p specifically binding to SOX4 3′-UTR. Prediction of possible regions of miRNA-214-5p binding to SOX4 3′-UTR by 
bioinformatics website (A), and the specific binding of miRNA-214-5p to SOX4 3′-UTR was verified with dual luciferase reporter assay (B) miRNA 
negative control group was used as control (*P < 0.05, **P < 0.01)
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Fig. 2  Expression patterns of miRNA-214-5p and SOX4 in prostate cancer tissues and cell lines. RT-qPCR assay was used to detect the expression 
of miRNA-214-5p transcription in prostate tumor tissues and normal tissues (A), and RT-qPCR assay was also used to detect the mRNA expression 
of miRNA-214-5p in prostate cancer cell lines DU-145 and PC-3 as well as control cell line LNCaP (B). Meanwhile, RT-qPCR (C) and Western blot (D) 
were used to detect the transcription and translation levels of SXO4 in prostate tumor and normal tissues, respectively. GAPDH was an internal 
reference protein. Normal tissues were used as control (*P < 0.05, **P < 0.01, ***P < 0.001)

Fig. 3  miRNA-214-5p inhibits cell proliferation. DU-145 cells were seeded into 24 wells, and miRNA-214-5p mimics, miRNA-214-5p inhibitor, and 
negative control were transfected into the cells, respectively. CCK-8 kit was used to detect cell proliferation at 6 h, 24 h, 48 h, and 72 h, respectively
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miRNA-214-5p mimics, miRNA-214-5p inhibitor and 
negative control were transfected into DU-145 cells, 
respectively, and the cell proliferation was detected 
with CCK-8 detection kit. The results showed that 
miRNA-214-5p mimics could significantly reduce the 
cell proliferation, and miRNA-214-5p inhibitor signifi-
cantly increased cell proliferation efficiency (Fig. 3).

miRNA‑214‑5p inhibited the expression of SOX4
The above results showed that the expression of miRNA-
214-5p decreased in prostate cancer patients while that 
of SOX4 increased. In order to verify that miRNA-214-5p 
can directly lead to the expression of SOX4 in vitro, the 
change of SOX4 was measured by overexpression of 
miRNA-214-5p in  vitro. The results showed that trans-
fection of miRNA-214-5p mimics in prostate cancer cell 
lines DU-145 and PC-3 could significantly reduce the 
expression of SOX4 mRNA and protein (Fig. 4), indicat-
ing that miRNA-214-5p may directly affect SOX4 gene.

miRNA‑214‑5p inhibited the expression of downstream 
factors of SOX4 pathway
According to the above results, lower expression of 
miRNA-214-5p was observed in prostate cancer patients, 
while higher expression of SOX4 was observed in pros-
tate cancer patients. The overexpression of miRNA-
214-5p significantly lowered the expression level of SOX4 
gene in prostate cancer cells. In order to clarify the effect 
of miRNA-214-5p on SOX4 pathway, the change of tran-
scription and translation levels of such SOX4 down-
stream factors as c-Myc, eIF4E, and CDK4 were detected. 
The results showed that c-myc, eIF4E, and CDK4 in 
miRNA-214-5p mimic transfection group were signifi-
cantly lower than those in negative control transfection 
group regarding transcription (Fig.  5A) and translation 

level (Fig.  5B), indicating that miRNA-214-5p directly 
targeted SOX4 and affected the expression of down-
stream key growth factors.

Specific knockdown of SOX4 inhibited cell proliferation
The above results indicated that transfection of miRNA-
214-5p mimics in prostate cancer cell lines DU-145 and 
PC-3 can significantly reduce the proliferation rate of 
cells and significantly downregulate the expression lev-
els of SOX4 and its downstream key factors. In order to 
determine whether the inhibition of cell proliferation 
caused by overexpression of miRNA-214-5p was directly 
attributed to the change of SOX4 expression rather than 
other possible pathways, knockdown of SOX4 shRNA 
was performed into DU-145 and PC-3 cells through 
lentivirus transduction specificity, and the effect of 
SOX4 knockdown on cell proliferation was detected by 
CCK-8. The results showed that SOX4 specific knock-
down (Fig.  6A, B) significantly inhibited cell prolifera-
tion (Fig. 6C, D), further indicating that miRNA-214-5p 
inhibited cell proliferation by targeting SOX4.

Discussion
Prostate cancer is the most common malignant tumor 
in male cancer, and more than 160,000 new cases are 
diagnosed in the USA annually [32]. Although it is quite 
common, the painless course and the potential adverse 
effects of treatment of most prostate cancers have 
aroused discussions about screening and early detec-
tion. Nevertheless, we still cannot ignore the long-term 
impact of prostate cancer on men’s health. In the past 
25 years, as great progress has been made in terms of the 
diagnosis and treatment of prostate cancer, the five-year 
survival rate of prostate cancer patients has been greatly 
improved. However, due to the lack of more sensitive 

Fig. 4  miRNA-214-5p inhibits the expression of SOX4. miRNA-214-5p mimics and negative control were transfected into DU-145 and PC-3 cells, 
respectively. After 48 h, total RNA and protein were extracted respectively. The transcription and translation levels of SOX4 were respectively 
measured with fluorescence quantitative PCR assay (A) and Western blot (B). miRNA control group was used as control (*P < 0.05, **P < 0.01)
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and specific early diagnostic markers other than PSA, as 
well as specific drugs for the treatment of prostate can-
cer, if the tumor metastasis occurs, the mortality rate 
will be quite high. Therefore, prostate cancer remains 

the third leading cause of male cancer death around the 
world [33].

For the diagnosis of PSA, although it is widely used 
clinically, it has great limitations in finding cases, 

Fig. 5  miRNA-214-5p inhibits the expression of downstream factors of SOX4 pathway. miRNA-214-5p mimics and negative control were 
transfected into DU-145 and PC-3 cells, respectively. Total RNA and protein were extracted 48 h later to detect the change of change of transcription 
and translation levels of c-Myc, eIF4E and CDK4 respectively with fluorescence quantitative PCR assay (A) and Western blot (B). miRNA control group 
was used as control (*P < 0.05, **P < 0.01)

Fig. 6  Specific knockdown of SOX4 significantly inhibits cell proliferation. Lentivirus-packaged SOX4 shRNA and control shRNA were transduced 
into DU-145 and PC-3 cells, respectively. The knockdown efficiency of shRNA at transcription and translation levels was verified by RT-qPCR (A) 
and Western blot (B). CCK-8 kit was used to detect the proliferation of SOX4 shRNA and control shRNA cell lines (C, D) at 6 h, 24 h, 48 h, and 72 h, 
respectively. GAPDH is an internal reference protein. miRNA control group was used as control (*P < 0.05, **P < 0.01)
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predicting the outcome of the disease, and guiding clini-
cal management decision-making. For example, the 
specificity of PSA with a standard cutoff value of 4 ng/
mL is 93.6%, but its sensitivity is only 20.5%, indicating 
that its sensitivity is extremely low [34]. Therefore, we 
urgently need to find new diagnostic markers to improve 
the accuracy of diagnosis, the accuracy of prognosis pre-
diction, and the rationality of clinical treatment plans. 
Recent studies have shown that miRNAs play an impor-
tant role in the development of prostate cancer. The 
results of these studies have shown that many miRNAs 
are expressed disorderly in prostate cancer patients’ tis-
sues and suggested that certain specific miRNAs may 
grade prostate cancer. It has important guiding signifi-
cance [35]. Related research results showed that miRNA-
214-5p is abnormally expressed in prostate cancer cell 
lines. In view of this, this study analyzed the expression 
of miRNA-214-5p in clinically collected prostate cancer 
tissues, and the results showed that the expression level 
of miRNA-214-5p in prostate cancer tissues was signifi-
cantly lower than that in non-cancer tissues, consistent 
with the results observed in cell lines (Fig. 2).

MicroRNAs (miRNAs) are 22-nucleotide non-coding 
RNA molecules that act as regulators of gene expression 
and have a series of biological functions such as regulat-
ing cell survival, proliferation, apoptosis, tumor growth, 
and metastasis [36]. MiRNAs bind to their comple-
mentary mRNA sequences, and ultimately lead to their 
translational inhibition, degradation, or cleavage. In the 
field of cancer research, researchers have found that the 
abnormal expression of miRNA may help the body’s 
immune system recognize cancer and non-cancer tis-
sues. In recent years, more than 24,000 peer-reviewed 
articles and clinical studies have found that miRNAs play 
an important role in the field of cancer, and nearly 50% 
of miRNAs target sequences are located in cancer-related 
gene regions in the human genome [37]. Although sev-
eral miRNAs have been discovered that can regulate the 
process of carcinogenesis, their clinical application has 
been limited because they cannot be accurately delivered 
to the tumor site, and because they have a wide range of 
functions and easily lead to off-target effects. Existing 
studies have shown that lentiviral vectors have effective 
cell delivery, but their oncogene activation and exces-
sive immunogenicity have made researchers to worry 
about the safety of genome integration. In order to over-
come these shortcomings, non-viral transmitters such as 
polyethyleneimine (PEI) nanoparticles, liposomes, poly-
mer micelles, dendrimers, magnetic nanoparticles, and 
polymeric nanoparticles have been highly expected by 
researchers [38, 39]. These delivery mediators can pro-
tect miRNAs from intracellular nuclease degradation, 
increase their half-life in the blood-brain barrier, escape 

endosomal and lysosome degradation, and deliver miR-
NAs to the cytoplasm or nucleus to perform their bio-
logical functions. At the same time, in the research on 
prostate cancer, researchers found that miRNA-499a can 
inhibit the proliferation and apoptosis of prostate cancer 
cells [40], while miRNA-330-5p can effectively inhibit 
the development of prostate cancer [41]. These results 
showed that miRNAs have great potential in the treat-
ment of prostate cancer.

In order to study the molecular mechanism of miRNA-
214-5p involved in regulating prostate cancer, this study 
used bioinformatics methods to deeply analyze the host 
factors related to miRNA-214-5p in the prostate cancer 
database, and the results showed that miRNA-214-5p is 
specifically targeting the 3′-UTR region of the sex deter-
mining region Y-box 4 (SOX4) (Fig. 1). SOX4 is a devel-
opmental transcription factor, which plays an important 
role in the development of progenitor cells and Wnt 
signal transduction. It is necessary for precise differenti-
ation and proliferation in a variety of tissues [42]. In addi-
tion, SOX4 is overexpressed in many human malignant 
tumors, but the mechanism of SOX4 in cancer progres-
sion is unclear. Although SOX2 is essential for the main-
tenance of stem cells, SOX4 may specifically express, 
transport, and expand progenitor cells. These progenitor 
cells are the direct progeny cells of adult stem cells and 
are considered to be the population that produces cancer 
stem cells. In humans, SOX4 is expressed in developing 
mammary glands and osteoblasts and is upregulated by 
progesterone. The expression of SOX4 showed an upreg-
ulation trend in prostate cancer cell lines and patient 
samples, and this upregulation was related to Gleason 
score or tumor grade [43]. In addition, SOX4 is overex-
pressed in many other types of human cancers, including 
leukemia, melanoma, glioblastoma, medulloblastoma, 
bladder cancer, and lung cancer [44]. A data analysis of 
human cancer transcription profiles found that SOX4 
is one of 64 upregulated genes, which further indicates 
that SOX4 plays a role in many malignant tumors [42]. 
Although the research on SOX4 has been quite in-depth, 
its specific mechanism in the carcinogenic process 
remains to be explored. So far, researchers have used 
small interfering RNA knockdown, or tried to express 
SOX4 to identify its downstream target genes, and a 
chromosome immunoprecipitation experiment was car-
ried out in liver cancer cells and identified 31 potential 
downstream genes of SOX4 [45], which laid a certain 
foundation for the follow-up related research. Through 
literature reports, we found that SOX4 may exist as an 
inhibitory regulator of many cancers.

Prostate cancer is closely related to the male popula-
tion, one of the main characteristics of prostate cancer is 
its hormone responsiveness. This phenomenon was first 
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discovered by Huggins and Hodges. They reported that 
castration miraculously led to tumor regression in pros-
tate cancer patients [40]. Currently, the standard treat-
ment for prostate cancer is Androgen deprivation therapy 
(ADT) using drugs that block the androgen pathway. 
However, with the extension of treatment, patients may 
develop resistance to ADT, leading to primary castrated 
prostate cancer (CRPC) or metastatic CRPC (mCRPC). 
In recent years, there has been an increase in the num-
ber of aggressive androgen receptor variant prostate 
cancers with neuroendocrine characteristics (NEPC) or 
small cell characteristics (small cell prostate cancer) with 
low expression or deletion. Some researchers believe that 
this may be related to the use of potent androgen recep-
tor antagonists [41]. In addition, some androgen recep-
tor-independent tumors do not express neuroendocrine 
differentiation markers. These variant cancers that are 
completely unresponsive to ADT treatment may come 
from rare and existing low-expressed or missing andro-
gen receptor cancers or from normal cancers. Cancer 
cases that express androgen receptors have metastasized 
to low-expression or deletion mutation cases [46]. Based 
on the above and the preliminary results of this study, we 
speculate that SOX4 may have an important relationship 
with the pathogenesis of prostate cancer. The results of 
this study also showed that the expression of SOX4 in 
prostate cancer tissues was significantly higher than that 
in non-cancer tissues (Fig.  2). Further research results 
showed that inhibiting the expression of SOX4 in pros-
tate cancer cell lines can inhibit the proliferation of can-
cer cells. Therefore, SOX4 may become the next potential 
clinical drug target for prostate cancer. Since the target of 
miRNA may not be unique, in addition to the host factor 
SOX4, miRNA-214-5p may have other target genes, and 
the combination of these genes is the key to the develop-
ment of prostate cancer. Therefore, in follow-up research, 
we need more in-depth predictive analysis and miRNA-
214-5p targeted genes. At the same time, the object used 
in this study is a cell line, which does not truly reflect the 
real situation in the body. Therefore, in the next study, we 
need to investigate whether SOX4 expression changes in 
the mouse model can inhibit the growth of prostate can-
cer tissue in  vivo. At the same time, the SOX4 pathway 
growth-related factors c-Myc, eIF4E, and CDK4 will also 
undergo corresponding changes. Therefore, in the molec-
ular diagnosis of prostate cancer, we can also introduce 
changes in the levels of c-Myc, eIF4E and CDK4 to evalu-
ate the progression of prostate cancer.

The first miRNA alternative therapy entering clini-
cal trials involves reconstitution of tumor suppres-
sor miRNA (miR-34) in modified liposomes. MRX34 
showed good results in a phase I clinical trial, and par-
tial response was observed in patients with renal cell 

carcinoma, acral lentiginous melanoma, or hepatocel-
lular carcinoma [47]. Many advanced patients showed 
good results in this trial. Therefore, the company will 
continue to advance this trial to phase II to obtain more 
reliable data to further pave the way for real clinical 
application. Recent studies have found that the growth 
rate and volume of bone tumor reduced by two times 
as chitosan-coated miR-34a was delivered to the body. 
It has been proved that exosomes can effectively deliver 
anti-miR-21 oligonucleotides to prostate cancer cells, 
significantly reducing the expression level of miR-21 and 
the motility of prostate cancer cells. miR-34a indicates 
the chemosensitization effect of paclitaxel on prostate 
cancer cells by targeting Bcl-2 protein. The combination 
of Let-7c miRNA with the nanoparticle-based system 
targeting prostate cancer cells showed more effective 
targeting and uptake [48]. At the same time, as the trans-
mitter of miRNAs to tumor cells, the carrying capacity 
of gold nanoparticles is 10-20 times higher than that of 
liposomes. They also feature lower toxicity, more effec-
tive uptake capacity, faster endosome escape ability, and 
longer half-life [49].

Our results showed that miRNA-214-5p could spe-
cifically target the 3′UTR region of SOX4 gene, and this 
binding will reduce the expression of SOX4 and its down-
stream growth factors. In consideration of the actual 
process of drug delivery in vivo and the action time, the 
development of these new miRNA transmitters will be 
more favorable for miRNA-214-5p to target SOX4 gene. 
At the same time, the longer half-life and immune escape 
ability will bring miRNA-214-5p into full play. In conclu-
sion, the results of these in vivo experiments will provide 
certain basis for the clinical trials of miRNA-214-5p in 
the future. At the same time, the development of new 
media will also provide a strong support for the efficient 
targeting of miRNA-214-5p.

According to the results of this experiment in  vitro, 
miRNA-214-5p may also inhibit the proliferation of 
prostate cancer cells in vivo. However, continuous study 
should be carried out and efforts should be made to ver-
ify the role of miRNA-214-5p in mouse models. In view 
of the role of SOX4 in prostate cancer, if we try to inhibit 
the expression of SOX4 in vivo, it may also alleviate the 
development of prostate cancer. Combined with miRNA 
therapy, it will further improve the therapeutic effect of 
prostate cancer.

Conclusion
miRNA-214-5 can inhibit the proliferation of prostate 
cancer cells by specifically targeting S0X4 and inhibit-
ing the expression of growth factors downstream of this 
pathway.
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