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Background: Prostate cancer (PCa) is the second most common solid cancer

among men worldwide and the fifth leading cause of cancer-related deaths in

men. Sulforaphane (SFN), an isothiocyanate compound, has been shown to exert

inhibitory effects on a variety of cancers. However, the biological function of SFN

in PCa has not been fully elucidated. The objective of this study was conducted to

further investigate the possible underlying mechanism of SFN in PCa using in

vitro cell culture and in vivo tumor model experiments.

Methods: Cell viability, migration, invasion, and apoptosis were analyzed by Cell

Counting Kit-8 (CCK-8), wound healing assay, transwell assay, or flow cytometry.

Expression of microRNA (miR)-3919 was detected by quantitative real-time

polymerase chain reaction (qRT-PCR) or in situ hybridization assay. Xenograft

assay was conducted to validated the antitumor effect of miR-3919. The

targeting relationship between miR-3919 and DJ-1 was verified by dual-

luciferase reporter assay. The level of DJ-1was measured by qRT-PCR or

western blotting (WB).

Results: In the present study, SFN downregulated mRNA and protein expression

of DJ-1, an oncogenic gene. Small RNA sequencing analysis and dual-luciferase

reporter assay confirmed that microRNA (miR)-3919 directly targeted DJ-1 to

inhibition its expression. Furthermore, miR-3919 overexpression impeded

viability, migration, and invasion and promoted apoptosis of PCa cells. Tumor

growth in nude mice was also inhibited by miR-3919 overexpression, and miR-

3919 expression in PCa tissues was lower than that in peritumoral tissues in an in

situ hybridization assay. Transfection with miR-3919 inhibitors partially reversed

the effects of SFN on cell viability, migration, invasion, and apoptosis.

Conclusion: Overall, the miR-3919/DJ-1 axis may be involved in the effects of

SFN on the malignant biological behavior of PCa cells, which might be a new

therapeutic target in PCa.
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1 Introduction

Prostate cancer (PCa) is the second most common solid cancer

among men worldwide and the fifth leading cause of cancer-related

deaths in men (1, 2). Between 1990 and 2010, the number of deaths

due to PCa increased from 150,000 to 250,000 worldwide. In 2018,

1,276,106 men were diagnosed with PCa and 358,989 patients died

(2). The early stage of PCa mainly depends on the androgen

receptor (AR); therefore, androgen deprivation therapy has a

good effect. However, most cases relapse and develop castration-

resistant prostate cancer (CPRC) (3). Currently, the drugs used to

treat CRPC mainly include abiraterone, enzalutamide, docetaxel,

cabazitaxel, and sipuleucel-T, but none can markedly improve the

survival rate of patients (4). Therefore, there is an urgent need to

develop novel therapeutic strategies for CPRC.

Epidemiological studies have shown that the addition of

cruciferous vegetables to daily diets plays an important role in the

prevention of various tumors, including prostate cancer (5).

Moreover, complementary, and alternative medicine exerts

pleiotropic effects and lowers the risk of cancer recurrence with

fewer side effects (5, 6). Sulforaphane (SFN), a type of isothiocyanate

compound, is abundant in cruciferous vegetables and is a natural

compound with strong anti-cancer activity (7). Amultitude of in vitro

and in vivo experiments have shown that SFN possesses the ability to

defend against the occurrence of chemical or radiation-induced

carcinogenesis and suppress the proliferation, migration, and

invasion of tumor cells (8–10). The antitumor mechanisms of SFN

involve various cellular and molecular pathways, including

modulation of cell signaling pathways by altering the redox status,

suppression of TLR4-mediated transcription, and inhibition of

histone deacetylase activity (11, 12). Previous research has

demonstrated that sulforaphane exerts its antitumor effects via

epigenetic modification of the Nrf2 gene, with subsequent

activation of the downstream anti-oxidative stress pathway (13, 14).

Sulforaphane also can induce autophagy by inhibiting of HDAC6

mediated PTEN activation in triple negative breast cancer cells (15).

Another potential mechanism by which sulforaphane interacts with

cancers is the regulation of miRNA expression.

MicroRNAs (miRNAs) are a type of noncoding RNAs with

approximately 20–24 nucleotides in length that induce the target

gene’s mRNA degradation, or inhibit translation initiation and

protein synthesis at the post-transcriptional level (16). miRNAs

are involved in the occurrence, development, and metastasis of

multiple types of human cancer (17, 18). Insights into the functions

of miRNAs in tumors have made them attractive tools and targets

for new therapeutic strategies (19). For example, miR-181-3p

promotes Snail-induced epithelial–mesenchymal transition (EMT)

by directly regulating YWHAG, indicating that miR-181-3p may be

a novel potential target in metastatic cancers (20). In addition, miR-

7 inhibited glycolysis in PCa cells and reshaped the acidic tumor

microenvironment, and the sensitization effects of miR-7

overexpression were independent of p53 status, suggesting that

miR-7 based agents could be developed for PCa patients, regardless

of p53 status (21). Therefore, it is important and helpful for targeted
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therapy of PCa to investigate the effects of sulforaphane on miRNA

expression and to determine the molecular mechanism of miRNAs

associated with PCa cells.

Our results demonstrate that sulforaphane regulates the

expression of a multitude of miRNAs in PC-3 cells. Furthermore,

the miR-3919/DJ-1 axis may be involved in the antitumor effects of

SFN in PCa, which may lead to a new therapeutic strategy for PCa.
2 Materials and methods

2.1 Cell lines and treatment

Human PCa cell lines PC-3 and DU145 were purchased from

the National Collection of Authenticated Cell Cultures at the

Chinese Academy of Sciences (Shanghai, China). The cells were

cultured in Ham’s F-12K (Kaighn’s) medium and MEM medium

(Gibco), respectively, supplemented with 10% fetal bovine

serum (Gibco).

To confirm the effects of sulforaphane (LKT Labs, St. Paul, MN,

USA) on PCa cells, PC-3, and DU145 cells were cultured in their

respective media containing different sulforaphane concentrations

(0, 5, 10, or 20 mM) for 48 h. For functional experiments, PC-3 and

DU145 cells were treated with 10 mM sulforaphane for 48 h. miR-

3919 mimics and inhibitors were purchased from RiboBio

(Guangzhou, China). The cells were seeded into culture plates

and transfected with 50 nM of miRNA mimic/NC or inhibitor/

NC using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) at

37 °C for 6 h according to the manufacturer’s protocol. After

transfection for 48 h, subsequent assays were performed.
2.2 Cell viability assays

The Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology,

China) was used to test cell viability according to the manufacturer’s

protocol. Briefly, PC-3 and DU145 cells were seeded in 96-well

plates and grown for 24 h. After treatment, the CCK-8 solution was

added to each well of a 96-well plate and cultured at 37 °C for 4 h.

The optical density (OD) at 450 nm was measured using a

Microplate Reader (Infinite M200, Tecan Group Ltd., Männedorf,

Switzerland). The relative proliferation rates were calculated.
2.3 Wound healing assay

This assay was performed to evaluate the migration of PCa cells.

PC-3 and DU145 cells were seeded in 6-well plates (∼70%–80%
confluency). After the cells were grown to 100% confluence, they

were scratched at the center with a sterile 200-mL pipette tip. The

cell debris was washed with PBS. The cells were cultured in serum-

free medium. At 0 h and 48 h, the wound area was observed using a

light microscope (Olympus, Tokyo, Japan), and the wound healing

rate was calculated.
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2.4 Transwell assays

This assay was conducted to evaluate PCa cell invasion. PC-3

and DU145 cells were trypsinized and resuspended in a serum-free

medium. Then, 4 × 105 cells were added to the upper chamber pre-

coated with matrix gel in 24-well plates. A culture medium

containing 10% FBS was added to the lower chamber. The cells

were incubated at 37 °C for 48 h. Subsequently, the cells in the upper

chamber were carefully removed. Cells on the other surface of the

upper chamber were fixed with 4% paraformaldehyde at 37 °C for

15 min and dried. The cells were then stained with 0.5% crystal

violet at room temperature for 5 min. Images of cells were captured

using a light microscope (Olympus, Tokyo, Japan).
2.5 Cell apoptosis assays

Annexin V-FITC/propidium iodide (PI) double staining was

performed to analyze the apoptosis of PCa cells. A total of 3 × 106

cells from each group were collected and resuspended in 100 mL
binding buffer, according to the protocol of the Apoptosis Detection

Kit (Solarbio, China). Subsequently, 5 mL of Annexin V-FITC and 5

mL of PI were added successively and mixed thoroughly. The

reaction was performed at room temperature in the dark for

15 min. The samples were analyzed using a flow cytometer (BD,

Germany) within 1 h.
2.6 Western blotting

Total protein was extracted from the cells or tissues using RIPA

lysis buffer (Beyotime Biotechnology, China). Protein samples (30 mg/
well) were separated using 10% SDS-PAGE and transferred onto

polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA).

Themembranes were blocked in 5% non-fat drymilk in TBST for 1.5 h

and incubated with specific primary antibodies at 4 °C overnight.

Subsequently, themembranes were incubated with an HRP-conjugated

secondary antibody at room temperature for 1 h. The protein bands

were captured using an ECL system (Tanon 5200, Bio-Tanon, China),

and grayscale statistics were performed using Image J software (Bio-

Rad, USA). GAPDH was used as a loading control.
2.7 RNA isolation and quantitative real-
time PCR

TRIzol (Life Technologies, Carlsbad, CA, USA) was used to extract

total RNA from tissues or cells. For mRNA, cDNA was obtained using
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HiScript Q RT SuperMix for qPCR (Vazyme Biotech, Nanjing, China)

and RT-qPCR detection was conducted using ChamQUniversal SYBR

qPCRMaster Mix (Vazyme Biotech, Nanjing, China). DJ-1 expression

was normalized to that of GAPDH. For miRNA, cDNA was reversed

by miRNA 1st Strand cDNA Synthesis Kit (by stem-loop) and RT-

qPCR detection was performed using miRNA Universal SYBR qPCR

Master Mix (Vazyme Biotech, Nanjing, China) on a MyiQ Single-

Color Real-Time PCR Detection System (Roche, Mannheim,

Germany). The expression of miR-3919 was normalized to that of

U6. Results were calculated using the 2−DDCt method. The primer

sequences are listed in Table 1.
2.8 Dual-luciferase reporter assay

A dual-luciferase reporter assay was performed to evaluate

binding between miRNA-3919 and DJ-1. For luciferase reporter

construction, wild-type (WT) or mutant-type (Mut) sequences of

DJ-1 3’-UTR were synthesized and inserted into the psiCHECK-2

vector. PC-3 cells were co-transfected with a luciferase reporter

plasmid (100 ng) and mimic NC control or miR-3919 mimic (25, 50

or 75 nM) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,

USA). Luciferase activity in the cell lysates was measured using a

luciferase reporter assay kit (Beyotime Biotechnology, China) in a

Microplate Reader (Infinite M200, Tecan Group Ltd.,

Männedorf, Switzerland).
2.9 Small RNA sequencing

Total RNA was extracted using TRIzol reagent (Life

Technologies, Carlsbad, CA, USA) following the manufacturer’s

instructions. The quality and quantity of isolated RNA were

measured using a NanoDrop spectrophotometer (Thermo Fisher

Scientific, USA) and an Agilent bioanalyzer system (Agilent, CA,

USA). Sequencing libraries of small RNA were prepared using the

NEB Next Multiplex Small RNA Library Prep Set for Illumina

(NEB, USA) and sequenced on an Illumina NovaSep 6000 platform

(Illumina, USA). The raw reads were filtered to remove adapter

sequences and low-quality reads. The remaining reads were used to

detect known and novel miRNAs using miRBase. The expression

levels of miRNAs were estimated by transcript per million (TPM),

and DESeq2 (v1.30.0) was used to analyze differentially expressed

miRNAs. P-values <0.05, and |log2FoldChange|>1 were considered

as standards for differentially expressed miRNAs. The miRNA–

mRNA interactions were predicted using miRanda.
TABLE 1 Primers sequences.

GENE Forward Reverse

hsa-miR-3919 CGCGGCAGAGAACAAAGGA AGTGCAGGGTCCGAGGTATT

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

DJ-1 GTCCTACTGCTCTGTTGGCTCA CCACACGATTCTCAGAGTAGGTG

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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2.10 Xenograft tumor in mice

The experiment was approved by the Institutional Ethics

Committee of the Shanghai Institute of Planned Parenthood

Research Center (now Shanghai Institute for Biomedical and

Pharmaceutical Technologies) for the commencement of the

study. Twelve male BALB/c nude mice (6-week-old) were

randomized into two groups based on body weight (six mice per

group): an NC group and an miR-3919 agomir group. A single-cell

suspension (100 mL) of 5 × 106 PC-3 cells was subcutaneously

implanted into the flanks of each mouse. All mice were housed

under controlled photoperiod conditions (temperature: 22°C–24°C,

humidity: 40%–60%, 12 h light/dark) and were supplied with food

and sterilized water ad libitum. Tumor volume was measured twice

a week and calculated as length (maximum diameter) × width2

(vertical diameter) × 0.5. When the tumor volume reached 100

mm3, the mice received NC agomir or miR-3919 agomir (5 nmol/

mouse) by tumor injection twice weekly. When the tumor volume

reached 1,000 mm3, the mice were sacrificed under anesthesia, and

the tumors were removed and weighed.
2.11 miRNA in situ hybridization

A tissue microarray, containing 40 paired tumor and adjacent

normal tissues was constructed by Shanghai Wellbio Technology

Co., Ltd. In situ hybridization experiments were conducted to detect

the expression of miR-3919 in the PCa tissue microarray. The

sequence of the rhe miR-3919 probe was 5’-ACT GAG TCC TTT

GTT CTC TGC-3’. Briefly, fresh and 5-mm thick paraffin sections

were dewaxed and rehydrated. Antigen retrieval was performed

using a citric acid solution in a pressure cooker. Then, the

microarray was incubated with proteinase K (20 mg/mL) at 37°C

for 20 min and washed in 0.5 M PBS for 5 min and three times. The

microarray was then placed in a pre-hybridization solution for 2 h

at 37°C and the probe was hybridized overnight at 37°C. The next

day, the microarray was successively washed with 2 × SSC, 1 × SSC,

and 0.5 × SSC (37°C, 10 min). The microarray was then incubated

with signal probe hybridization solution overnight at 37°C and

again washed with 2 × SSC, 1 × SSC, and 0.5 × SSC (37°C, 10 min).

Cell nuclei were stained with DAPI (2 mg/mL), and the signals were

visualized and imaged using a laser-scanning confocal microscope

(Leica, Wetzlar, Germany).
2.12 Statistical analysis

Research data are presented as mean ± SD. Statistical analysis

and graphing were performed using SPSS Statistics 23 or GraphPad

Prism version 8.0.2. One-way ANOVA was used to analyze the

differences between multiple groups, and the Student’s t-test was

used to compare the differences between two groups. Statistical

significance was set at p <0.05.
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3 Results

3.1 Sulforaphane suppresses prostate
cancer cell viability and DJ-1 expression

To confirm the effect of sulforaphane on the malignancy of PCa

cells, a CCK-8 assay was performed. The result demonstrated that

sulforaphane significantly decreased the viability of PC-3 cells in a

dose-dependent manner (Figure 1). The viability of PC-3 cells after

48 h of exposure to 10 mM and 20 mM sulforaphane was reduced to

62.15% and 38.55%, respectively. The IC50 for PC-3 cells was 12.94

mM. Additionally, sulforaphane inhibited DJ-1 mRNA and protein

expression in PC-3 cells. DJ-1, also known as Park7, was originally

discovered as an oncogene that cooperates with ras to transform

mouse NIH3T3 cells (22). Therefore, subsequent assays were

conducted to investigate the regulatory effects of sulforaphane on

DJ-1 expression.

Several studies have demonstrated that PC-3 cells are more

sensitive to sulforaphane-mediated inhibition of cell viability than

LNCaP cells (23–25). Therefore, we used the PC-3 and DU145 cell

lines to explore the anti-tumor effects of miR-3919 or the

combination of miR-3919 and sulforaphane in an in vitro study.

Considering the literature reported data and the experimental

results (10, 26, 27), cells treated with 10 mM sulforaphane for

48 h were used for the following assays.

Small RNA sequencing demonstrated that treatment with 10

mM sulforaphane upregulated eight miRNAs and downregulated 37

miRNAs (FC >2, P <0.05, Figures 1D, E). The top five upregulated

and downregulated miRNAs were selected for quantitative RT-PCR

assay to confirm the data obtained from small RNA sequencing.

Prediction of miRNA target genes showed that DJ-1 was a

functional target gene of miR-3919.
3.2 DJ-1 acted as a target for miR-3919 in
PCa cells

Most PCa cases are characterized as prostatic adenocarcinoma

(PAC) with luminal cell features and expression of AR and prostate-

specific antigen (PSA) (28). Neuroendocrine prostate cancer

(NEPC) is a highly malignant subtype of PCa that may arise de

novo or emerge in patients (29). To further investigate the effects of

miR-3919 on PCa, target gene analysis of miR-3919 between two

PAC cell lines (LNCaP and 22RV1) and two NEPC cell lines (PC-3

and DU145) was performed using the miRDB database. As shown

in Figure 2A, the results demonstrated that 43 of the predicted

target genes were expressed only in the PAC cell lines and 114 were

expressed only in the NEPC cell lines. The levels of genes expressed

in both cell types were compared using methods reported in the

literature (30); 38 target genes were highly expressed in PAC cell

lines and 46 were highly expressed in NEPC cell lines. Taken

together, miR-3919 regulates more target genes in NEPC cell lines

than PAC cell lines, which may indicate that miR-3919 may play a

greater role in NEPC cell lines.
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The puative binding site (Figure 2C) between miR-3919 and DJ-

1 was predicted using TargetScan database. The results of the

luciferase-based reporter assay (Figure 2B) demonstrated that

miR-3919 mimics significantly reduced relative luciferase activity

in the DJ-1-Wt 3’UTR group, but had no effect on that of DJ-1-Mut

3’-UTR compared with NC miRNA in PC-3 cells. Furthermore, the

miR-3919 mimic or NC was transfected into the PC-3 and DU145

cells. The results of qRT-PCR and western blotting indicated that

the expression of DJ-1 was significantly downregulated when miR-

3919 was overexpressed (Figures 3A, B). The miR-3919 inhibitor

significantly increased DJ-1 mRNA and protein expression in PC-3

and DU145 cells (Figures 3C, D). Therefore, the results showed that

DJ-1 is a direct target gene of miR-3919 and is negatively regulated

by miR-3919 in PCa cells.

As shown in Figures 2B, Figure 3A, C, the effects caused by the

50 nM dose were similar and much better than that of 25 nM.

Therefore, we chose 50 nM for subsequent experiments. We used

SFN in miR-3919 mimic (50 nM) transfected PC-3 and got a IC50 of

SFN of 8.36 mM (Figure 3E).
A B

C

FIGURE 2

miR-3919 directly targets DJ-1. (A) Target Gene prediction analysis of
miR-3919 expression in different PCa cell lines. (B) The dual-luciferase
reporter assay was performed to detect the targeted binding of miR-
3919 and DJ-1. (C) Schematic illustration of DJ-1 3’-UTR with putative
binding sites for miR-3919. Compared to the NC group, *p<0.05,
**p<0.01; n = 3.
A B

C

D

E

F

G

FIGURE 1

Effect of sulforaphane on cell viability and DJ-1 and miR-3919 expression in PC-3 cells. (A) CCK-8 assay was performed to determine cell viability.
(B) qRT-PCR and (C) western blot were performed to detect DJ-1 mRNA and protein levels. (D) Heat map of miR-related gene expression of
sulforaphane (10 mM) or DMSO-treated cells (FC >2, P <0.05). (E) Volcano plot analysis of the miR gene in the sulforaphane (10 mM) group compared
with that in the DMSO group. (F, G) Five representative upregulated and five downregulated miRNAs in the small sequencing were verified by qRT-
PCR (n = 3). Compared with control group, *p <0.05, **p <0.01, ***p <0.001; n = 3.
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3.3 miR-3919 inhibited the proliferation,
migration, and invasion of PCa cells, and
promoted apoptosis

To further elucidate the role of miR-3919 in PCa cells, we

performed functional studies in PC-3 and DU145 cells. First, miR-

3919 mimic or NC was transfected into PC-3 and DU145 cells. The

results showed that miR-3919 expression was upregulated by over

2-fold (Figure 4A). As shown in Figure 4B, the miR-3919 mimic

significantly reduced cell viability compared to the NC group.

Wound healing and transwell assays also demonstrated that the

miR-3919 mimic significantly inhibited cell migration and invasion

(Figures 4C–F). Furthermore, flow cytometry was performed, and

the results indicated that miR-3919 mimics promoted apoptosis

(Figures 4G, H).
3.4 miR-3919 agomir inhibited tumor
growth in vivo

To further explore the role of miR-3919 in PCa tumorigesis, we

established an in vivo xenograft model. As indicated in Figure 5A,

miR-3919 agomir significantly decreased tumor volume (p <0.01).

Reduced tumor weight was also observed in the miR-3919 agomir

group (0.16 ± 0.06 g) than in the control group (0.35 ± 0.06 g, p

<0.01, Figures 5B, C). These results indicate that miR-3919 inhibits

tumor growth in vivo. Subsequently, an in situ hybridization assay

performed in PCa tissue microarray validated that miR-3919

expression in PCa tissues was lower than that in peritumoral
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tissues (Figures 5D, E), which also demonstrated that miR-3919

exerted antitumor effects.
3.5 Sulforaphane inhibited the malignancy
of PCa cells partly by regulating miR-3919/
DJ-1 pathway

Based on the above results, we investigated whether

sulforaphane regulates the malignancy of PCa cells via the miR-

3919/DJ-1 pathway. First, PCa cells were treated with 10 mM
sulforaphane for 48 h and transfected with miR-3919 inhibitor.

As shown in Figures 6A, B, the miR-3919 inhibitor significantly

reversed the effects of sulforaphane on the mRNA expression of

miR-3919 and DJ-1 in PC-3 and DU145 cells. The miR-3919

inhibitor also notably attenuated the inhibitory effect of

sulforaphane on the protein expression of DJ-1 in both PCa cell

lines (Figures 6C, D). The results of CCK-8, wound healing, and

transwell assays demonstrated that sulforaphane significantly

repressed PCa cell proliferation, migration, and invasion, whereas

the miR-3919 inhibitor partially reversed these effects (Figures 6E–

I). The miR-3919 inhibitor also partly reversed the effects of

sulforaphane on the apoptosis of PCa cells (Figures 6J, K). These

results indicate that the miR-3919/DJ-1 axis is a significant

downstream effector of sulforaphane.

4 Discussion

Here, we report the expression profile of miRNAs in SFN-

treated PCa cells for the first time. Among validated miRNAs
frontiersin.or
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FIGURE 3

miR-3919 suppresses DJ-1 expression in PCa cells. (A, B) qRT-PCR and western blotting were performed to detect the effects of miR-3919 mimic
on DJ-1 mRNA and protein levels. (C, D) qRT-PCR and western blotting were performed to detect the effects of miR-3919 inhibitor on DJ-1 mRNA
and protein levels. Compared with NC group, ns: no significance; **p <0.01, ***p <0.001; n = 3. (E) CCK-8 assays were conducted to detect the
viability of PC-3 cells after SFN and miR-3919 mimic treatment.
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whose expression was upregulated in SFN-treated PC-3 cells,

miR-181b-3p was previously reported to promote epithelial–

mesenchymal transition in breast cancer cells (20), and the

occurrence and development of colorectal cancer (31). miR-

142-5p functions as an oncogene in PCa (32), and its expression

level is negatively correlated with the overall survival of patients

with PCa (33). Interestingly, SFN suppressed miR-142-5p

expression in the PC-3 cells. Taken together, these results

suggest that the aberrant expression of miR-181b-3p and miR-
Frontiers in Oncology 07
142-5p plays an important role in the suppressive effect of SFN

on the growth of PC-3 cells.

Importantly, we not only detected that miR-3919 expression

was significantly increased in SFN-treated PC-3 cells, but also found

that miR-3919 has a tumor-suppressive role both in vitro and in

vivo. Consistent with these results, our tissue microarray analysis

revealed that miR-3919 expression is lower in PCa specimens than

in adjacent normal tissues. Therefore, it can be concluded that miR-

3919 acts as a tumor suppressor in PCa.
A B

C

D

E F

H

G

FIGURE 4

miR-3919 suppresses the malignancy of PCa cells. (A) qRT-PCR was performed to measure miR-3919 expression in PC-3 and DU145 cells
transfected with the NC or miR-3919 mimic. (B) CCK-8 assays were conducted to detect cell viability in PC-3 and DU145 cells transfected with the
NC or miR-3919 mimic. (C, D) Cell migration distance was determined in PC-3 and DU145 cells transfected with NC or miR-3919 mimic. (E, F) Cell
invasion levels were examined in PC-3 and DU145 cells transfected with the NC or miR-3919 mimic. (G, H) Apoptosis was detected in PC-3 and
DU145 cells transfected with NC or miR-3919 mimic. Compared with NC group, ns: no significance; *p < 0.05, **p < 0.01, ***p < 0.001; n = 3.
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FIGURE 5

The miR-3919 agomir inhibited tumor growth in vivo, and miR‐3919 showed low expression in PCa tissues. (A) Tumor volume of xenografts from
the control and miR-3919 agomir groups was monitored (n = 6). (B) Xenograft tumors isolated from control and miR-3919 agomir groups were
photographed on day 15 (n = 6). (C) Xenograft tumors isolated from control and miR-3919 agomir groups were weighed (n = 6). (D) Representative
results of miR-3919 in situ hybridization in a PCa tissue microarray (n = 40). (E) Statistical analysis of miR-3919 in situ hybridization in a PCa tissue
microarray (n = 40). Compared with control group, *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6

Sulforaphane inhibited the malignancy of PCa cells via miR-3919. (A, B) After transfection with miR-3919 inhibitor and sulforaphane treatment, qRT-
PCR was performed to detect miR-3919 and DJ-1 expression in PCa cells. (C, D) After transfection with miR-3919 inhibitor and sulforaphane
treatment, western blotting was performed to detect DJ-1 expression in PC-3 and DU145 cells, respectively. (E) After transfection with miR-3919
inhibitor and sulforaphane treatment, the CCK-8 assay was performed in PCa cells. (F, G) After transfection with miR-3919 inhibitor and
sulforaphane treatment, cell migration distance was determined in PCa cells. (H, I) After transfection with miR-3919 inhibitor and sulforaphane
treatment, cell invasion levels were examined in PCa cells. (J, K) Apoptosis was detected in PCa cells after transfection with the miR-3919 inhibitor
and sulforaphane treatment. ns: no significance; *p < 0.05, **p < 0.01, ***p < 0.001; n = 3.
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Our results demonstrate that the tumor-suppressive effect of

SFN depends on its targeting of miR-3919 expression, given that it

was significantly reduced in PC-3 cells transfected with the miR-

3919 inhibitor. In the present study, we validated that DJ-1 is a

target of miR-3919. DJ-1, a protein with multiple functions, was

originally identified as a novel oncogene that exhibits significant

transforming activity in cooperation with c-Myc or H-Ras (20). It

has been reported to be overexpressed and is related to poor

prognosis in many types of cancers (34). It not only acts as a

repressor of the tumor suppressor PTEN (34–36) but also has gene

transcription-regulating functions via its interaction with distinct

transcriptional factors (37). Interestingly, DJ-1 binds androgen

receptors directly in LNCaP cells and mediates its activity,

probably for the progression of prostate cancer to androgen

independence (38). One possible mechanism is that DJ-1

promotes PCa growth through autophagy inhibition in PCa cells

(39). Considering that knockdown of DJ-1 expression reduces the

growth of PC-3 cells (40), it is speculated that miR-3919 inhibits the

growth of PCa in a way depending on targeting of DJ-1. As

supporting evidence, we found that SFN increased the expression

of miR-3919 but reduced the level of DJ-1 protein. However, the

inhibitory effects of SPN on cell growth and DJ-1 expression were

significantly downregulated in the presence of miR-3919 inhibitor.

To prove that the miR-3919/DJ-1 axis is important for tumor-

suppressive function of SFN, it should be evaluated whether ectopic

expression of DJ-1 can reduce the efficiency of the inhibitory effect

of SFN on the growth rate of PCa cells.

In conclusion, we found that sulforaphane repressed the

malignancy of PCa cells through the miR-3919/DJ-1 pathway

(Figure 7) and miR-3919 was found to be a tumor suppressor in

PCa in the present study. To the best of our knowledge, the function

of miR-3919 has not been reported previously. Upregulation of

miR-3919 has been shown to be important for inhibitory effect of

SFN on growth rate of PCa cells. Therefore, targeting miR-3919

may be an extra way to develop new drug therapies for PCa,

especially for NEPC, given that the PC-3 cell line represents an

NEPC cell line without endogenous AR expression (41).
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