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Background: The microRNA (miRNA) miR-200c-3p is involved in the tumorigenesis and progression 
of a variety of cancers. However, the underlying regulatory role of miR-200c-3p in prostate cancer (PCa) 
remains unclear. 
Methods: Online databases including Oncomine, Linkedomics and StarBase were used to investigate the 
clinical significance of miR-200c-3p, along with associated gene targets. PCa tissues and adjacent normal 
tissues were used for the detection of miR-200c-3p expression. A lentivirus overexpressing miR-200c-3p 
was constructed and transfected into PC3 and DU145 cells. Cell formation of proliferation, migration, and 
invasion were determined by cell viability and colony-formation assay, wound healing assay, and Matrigel 
invasion assay, respectively. Epithelial-mesenchymal transition (EMT)-associated markers were determined 
by qRT-PCR and Western blot. A luciferase reporter assay was performed to determine the direct 
relationship of miR-200c-3p and ZEB2. The tumor-suppressive role of miR-200c-3p was further confirmed 
by a xenograft tumor model and immunohistochemical (IHC) staining. 
Results: Online database analyses showed that miR-200c-3p was associated with pathologic T and N stage 
in PCa, and miR-200c-3p was downregulated in PCa tissues. Overexpression of miR-200c-3p was considered 
a tumor suppressor and was found to significantly suppress the formation of migration and invasion in PCa 
cells via repression of E-cadherin-induced EMT. The bioinformatic database indicated that ZEB2 has a 
significant correlation with miR-200c-3p and was upregulated in PCa tissues. Further, ZEB2 expression 
was suppressed by the upregulation of miR-200c-3p and was identified as a direct target of miR-200c-3p. 
In addition, repression of ZEB2 could restore the levels of miR-200c-3p in PCa cells in turn, suggesting 
a potential negative loop between miR-200c-3p and ZEB2. miR-200c-3p also had an antitumor effect by 
negatively regulating ZEB2 in a xenograft mouse model. 
Conclusions: Taken together, the results of our study demonstrated the novel regulatory loop of miR-
200c-3/ZEB2 in PCa progression, providing effective therapeutic strategies for PCa in the future.
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Introduction

Prostate cancer (PCa) is the most common malignancy and 
the leading cause of cancer-related mortality in males in 
Western countries (1). Radical prostatectomy is the most 
effective treatment in the early stages; however, a certain 
number of PCa patients eventually experience metastatic 
cancer progression, which carries a worse prognosis (2). 
Initial steps in the metastatic process are aided by the 
phenotype and gene expression changes that occur during 
the epithelial-mesenchymal transition (EMT) (3). Current 
studies have identified specific genes, including those of 
microRNAs (miRNAs), as key regulators of EMT (4,5).

miRNAs are a novel class of small, noncoding single 
RNAs that regulate the expression of target genes at the 
posttranscriptional level by binding to the 3’ untranslated 
region (3’-UTR) of these targets (6). An enormous number 
of studies indicated that miRNAs play a crucial role in 
multiple biological processes of human tumors (7-9). The 
miR-200 family, which includes hsa-miR-200a-3p, hsa-
miR-200b-3p, hsa-miR-200c-3p, hsa-miR-141-3p, and hsa-
miR-429, is a tumor-suppressive group of miRNAs that play 
a key role in suppressing EMT (10). The hallmark of EMT 
is downregulation of the cell adhesion molecule E-cadherin, 
a key epithelial marker, which is inhibited by promoter 
suppression by transcription repressors during tumor 
progression (11). Downregulation of E-cadherin results 
in loss of epithelial cell characteristics and the adaption of 
the cells to a mesenchymal phenotype. A number of studies 
indicate that expression of the miR-200 family members 
is lost in PCa, thereby resulting in upregulation of targets 
such as TWIST, Zinc finger E-box-binding homeobox 1 
(ZEB1), ZEB2, and SLUG, which drive EMT and tumor 
progression (12,13). This phenomenon might highlight 
the potential regulatory mechanism between miR-200 and 
target genes when metastatic and invasive formation is 
observed in PCa.

As a member of the miR-200 family, miR-200c-3p is 
reported to be involved in the progression of various cancers. 
A study indicated that miR-200c-3p was overexpressed in 
lung metastases, implicating an inhibitory feedback loop 
to PI3K-AKT (14). The invasive front in primary human 
colorectal cancer (CRC) tissues revealed that transfection 
of miR-200c-3p precursors resulted in enhanced cell 
proliferation but reduced invasion and migration in CRC 
cell lines (15). Interestingly, UBQLN1 was identified 
as a direct functional target of miR-200c-3p involved 
in irradiation-induced autophagy and radio-resistance, 

representing a promising therapeutic strategy in breast  
cancer (16). The effects of miR-200c-3p on ZEB1 and 
E-cadherin, along with the migration and invasion abilities, 
were also investigated, to a certain degree, in human PCa 
DU145 cells (17). However, the research methods were 
too simple to strongly support the conclusion, and the 
additional profound mechanism was insufficient. In addition, 
the regulatory effects of miR-200c-3p and ZEB2 remain 
unclear in PCa, and more evidence is urgently necessary to 
determine the expression and regulation of miR-200c-3p/
ZEB2 involved in the tumor progression of PCa.

In the present study, we first investigated the regulation 
of the miR-200c-3p/ZEB2 loop in PCa, and the results 
indicated that overexpression of miR-200c-3p significantly 
inhibited cell migration and invasion via ZEB2-induced 
EMT progression in vitro and in vivo. Furthermore, ZEB2 
is identified as the direct target of miR-200c-3p, which 
also represses the expression of miR-200c-3p in turn. We 
propose the existence of a novel regulatory loop mediated 
by miR-200c-3p and ZEB2 in PCa that may be a promising 
biomarker or potential therapeutic target in the future.

Methods

Clinical specimens and cell culture

Twenty-two pairs of PCa tissues and adjacent normal tissues 
were obtained from PCa patients who underwent radical 
proctectomy at the First Affiliated Hospital with Nanjing 
Medical University, China, from Aug 2013 to Aug 2016. All 
patients provided signed informed consent, and this study 
was approved by the Research Ethics Committee of the 
First Affiliated Hospital of Nanjing Medical University. The 
human prostate epithelial cell RWPE-1 was obtained from 
the urological laboratory of the First Affiliated Hospital 
of Nanjing Medical University. The human PCa cell lines 
PC3 and DU145 were obtained from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China) and were cultured in F-12K medium and DMEM, 
respectively, supplemented with 10% fetal bovine serum 
(FBS; Gibco, Australia) and 1% penicillin-streptomycin in 
an incubator with humidified 5% CO2 at 37 ℃.

TCGA database and KEGG pathway analysis

TCGA is available from the Cancer Genomics Browser, 
University of California, Santa Cruz (https://genome-cancer.
ucsc.edu/). KEGG is the Kyoto Encyclopedia of Genes and 
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Genomes (https://www.genome.jp/kegg/). The associated 
integrated databases included Oncomine, Linkedomics and 
StarBase, which were used to analyze the expression pattern 
of ZEB2, and the clinical significance of miR-200c-3p in 
PCa samples. Further potential pathways mediated by miR-
200c-3p were identified by the Database for Annotation, 
Visualization and Integrated Discovery (DAVID) (http://
david.abcc.ncifcrf.gov) by analyzing the submitted target 
genes list predicted by StarBase and Linkedomics.

Establishment of miR-200c-3p overexpressing cells

Lentiviruses overexpressing miR-200c-3p and negative 
control lentivirus were constructed as previously 
described (18). PC3 and DU145 cells were transduced 
with the pHAGE-CMV-miR-200c-IzsGreen lentivirus 
and selected for IzsGreen expression.

RNA isolation and qRT-PCR 

Total RNA, including miRNA from 22 pairs of tissues 
and PCa cells, was extracted using the miRNeasy Mini 
Kit (Qiagen, Germany). Extracted RNA was prepared for 
miRNA detection by using a Mir-X™ miRNA First-Strand 
Synthesis Kit (Takara, Clontech, USA) in a Veriti® 96-
Well Thermal Cycler (Applied Biosystems, USA) according 
to the manufacturer’s protocol. To quantify mRNAs, we 
used 1 μg of total RNA and synthesized complementary 
DNA by utilizing a PrimeScript™ RT Master Mix 
(Takara, Clontech, USA). Real-time quantitative PCR 
(qRT-PCR) was performed in triplicate in a 96-well plate 
containing 1 μL of synthesized cDNA by the use of a 
QuantiNova™ SYBR Green PCR Kit (Qiagen, Germany) 
on a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems, USA). The primer sequences used to detect 
miRNA and mRNA for PCR were as follows: miR-
200c-3p reverse: 5'-CACTGGATTGGAGGAGGG-3', 
forward: 5'-GAGCTTGACCACCGACTC-3'; U6 reverse: 
5'-CGCTTCACGAATTTGCGTGTCAT-3', forward: 
5'-GCTTCGGCAGCACATATACTAAAAT-3'; ZEB2 
reverse: 5'-TTGCAGGACTGCCTTGAT-3', forward: 
5'-GAGCTTGACCACCGACTC-3'; GAPDH reverse: 
5'-GGCCATCCACAGTCTTCTGAG-3', forward: 
5'-CCTGCACCACCAACTGCTTA-3'.

Cell viability assay

The transfected cells were seeded into 96-well plates at a 

density of 3,000 cells per well for the cell viability assay. The 
CCK-8 kit was used to determine cell viability according 
to the manufacturer's protocol (Dojindo Molecular 
Technologies, Inc., USA). The absorbance was then 
measured at 450 nm using an Infinite M200 Pro microplate 
reader (Tecan, USA).

Colony-formation assay

The transfected cell lines were seeded into 6-well plates 
at a concentration of 600 cells per well. After 14 days 
of standardized culture, colony counts and rates were 
calculated after the colonies were fixed with absolute 
methanol and stained with 0.1% crystal violet.

Wound healing assay

The transfected cell lines were seeded into six-well plates 
and cultured until they reached 95% confluence. A 200 μL 
pipette tip was used to generate a linear wound through 
the center of the well. The cultures were washed with 
phosphate-buffered saline (PBS) to remove any cell debris 
and then allowed to migrate for 0 h and 24 h in a humidified 
5% CO2 incubator at 37 ℃. The wound images for each 
well were obtained by the use of an inverted microscope 
(Olympus CKX41, Japan).

Matrigel invasion assay

The BD Matrigel Invasion Chamber (BD Biosciences, 
USA) was used for the Matrigel invasion assay following 
the manufacturer’s protocol (19). A total of 2×105 cells were 
suspended in 100 μL of serum-free medium and seeded on 
the upper chamber, and 500 μL of medium containing 10% 
FBS was added to the bottom chamber. After incubation at 
37 ℃ for 36 h, the cells in the top chamber were removed 
with cotton swabs. The cells on the lower membrane 
surface were fixed with methanol and stained with 0.1% 
crystal violet. After three washes with PBS, the cells were 
counted under a microscope (Olympus CKX41, Japan).

Western blot analysis

The total proteins of tissues and transfected cells were 
extracted using RIPA buffer (Beyotime, China) with 
phenylmethylsulfonyl fluoride (PMSF) and quantified by 
the BCA Protein Assay Kit according to the manufacturer’s 
instructions (Beyotime, China). Equivalent quantities of 
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protein were separated on 10% SDS-PAGE gels and then 
transferred to polyvinylidene fluoride (PVDF) membranes. 
After blocking with 5% dry milk in Tris-buffered saline for 
2 h at 20 ℃, the PVDF membranes were incubated with 
rabbit antibodies specific to human ZEB2 (Santa Cruz 
Biotechnology, USA, 1:1,000), β-Actin, GAPDH (Abcam 
Inc., USA, 1:5,000), E-cadherin (Bioworld Technology Inc., 
USA, 1:1,000), N-cadherin (Santa Cruz Biotechnology, 
CA, USA, 1:1,000) or vimentin (Bioworld Technology Inc., 
USA, 1:1,000) overnight at 4 ℃. The membranes were 
then incubated with anti-rabbit secondary antibody for 2 h  
at 20 ℃ (Thermo Fisher Scientific Inc., USA, 1:5,000). 
Band signals were detected using a chemiluminescence 
system (Bio-Rad, USA) and were analyzed using Image Lab 
Software (Bio-Rad Laboratories Inc, USA).

Luciferase reporter assay

For the luciferase reporter assay, non-transfected H293T 
cells were cultured in 12-well plates and then cotransfected 
with plasmid containing pEZX/ZEB2-3'-UTR or pEZX/
ZEB2-3'-UTR-mutant, together with miR-200c-3p mimics 
or control (GenePharma Co Ltd, Shanghai, China), by a 
Lipofectamine 3000 Kit (Thermo Fisher Scientific Inc., 
USA). Firefly and Renilla luciferase activities were measured 
48 h after transfection by the Luc-Pair miR Luciferase 
Assay (GeneCopoeia, FulenGen, China) according to the 
manufacturer's instructions.

Xenograft tumor model

The lentivirus-transfected PC3 cell line and control were 
implanted subcutaneously in the back of Balb/c nude mice 
(four to five weeks old ordered from the Animal Center 
of Nanjing Medical University of China) with 2×106 cells 
per site. The tumors were then dissected and fixed in 4% 
formalin for immunohistochemical (IHC) analysis. All 
experimental procedures were approved by the Animal 
Ethics Committee of Nanjing Medical University.

IHC staining

Tissue sections were immersed in UltraCruz Blocking 
Reagent (Santa Cruz Biotechnology, CA, USA) and then 
incubated with primary antibody at 4 ℃ overnight. The 
sections were then incubated with HRP-conjugated 
secondary antibody at room temperature for 1 h, and 
reactive products were visualized by staining with 

3,3'-diaminobenzidine according to the manufacturer’s 
instructions. The images of PCNA-stained and ZEB2-
stained cells were obtained under a magnification of ×200 
(Olympus, Japan).

Statistical analysis

Statistical analyses were performed using SPSS 21.0 (IBM, 
Armonk, NY, USA) and GraphPad Prism 5 (GraphPad 
Software Inc., California, USA). For TCGA-based analysis, 
the relationship of miR-200c-3p with PCa pathologic T 
stage was via the Kruskal-Wallis test, and the Wilcox test was 
used for the correlation of miR-200c-3p with PCa pathologic 
N stage. The hazard ratio (HR) for miR-200c-3p in the overall 
survival of PCa was determined via the Cox regression 
test. Comparisons between groups were conducted using 
Student’s t-test. A two-sided P value <0.05 was considered 
statistically significant.

Results

miR-200c-3p expression is frequently decreased in PCa

Our result of qRT-PCR showed that the miR-200c-3p 
expression level was significantly reduced in 22 PCa tissues 
(P<0.0001) compared to adjacent normal tissues (Figure 1A).  
The main characteristics of the 22 patients included in 
this study are mentioned in Table S1. In addition, we 
found that the expression of miR-200c-3p was strikingly 
downregulated in the PC3 and DU145 cell lines when 
compared with that in RWPE-1 (human prostatic epithelial 
cell line) (Figure 1B). In addition, the bioinformatic 
database website (http://www.linkedomics.org) indicated 
that miR-200c-3p expression was positively correlated with 
pathologic T stage (Figure 1C) and was negatively related to 
pathologic N stage in PCa samples (Figure 1D) but was not 
significantly associated with overall survival in PCa patients 
(Figure 1E). These results strongly indicate the potential 
tumor-suppressive role of miR-200c-3p in PCa progression.

miR-200c-3p suppresses cell proliferation and migration 
abilities of PCa cell lines in vitro

To determine the tumor-suppressive effects of miR-200c-3p 
in PCa cell lines, we established overexpression of miR-
200c-3p in PC3 and DU145 cell lines (Figure 2A). The cell 
viability assay indicated that overexpression of miR-200c-3p 
obviously inhibited PCa cell proliferation, with a 63.6% 
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Figure 1 miR-200c-3p expression is frequently decreased in PCa. (A) Expression of miR-200c-3p by qRT-PCR in 22 pairs of PCa tissues 
and normal tissues; (B) expression of miR-200c-3p in PCa cell lines (PC3 and DU145), compared with RWPE-1 cell (human prostatic 
epithelial cell line); (C) miR-200c-3p was positively correlated with PCa pathologic T stage (the total number of enrolled cases from TCGA 
database is 487, with a P value of 1.667e-01 by the Kruskal-Wallis test); (D) miR-200c-3p was negatively related to PCa pathologic N stage 
(the total number of enrolled cases from TCGA database was 422, with a P value of 2.618e-01 by the Wilcox test); (E) miR-200c-3p was not 
significantly associated with overall survival in PCa (0, low miR-200c-3p group with the sample number of 246; 1, high miR-200c-3p group 
with the sample number of 245, HR for miR-200c-3p =0.68, with a P value of 6.399e-01 by the Cox regression test). ***, P<0.001. PCa, 
prostate cancer. 
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decrease in PC3 cells and a 57.1% decrease in DU145 
cells (P<0.0001) (Figure 2B,C). The colony-formation 
assay consistently supported that miR-200c-3p could 
reduce the colony rate in PCa cell lines (Figure 2D,E,F).  
A wound healing assay demonstrated that miR-200c-3p 
overexpression could significantly reduce the cell migratory 
capacity of PC3 and DU145 when compared to the control 
groups (Figure 2G). Moreover, transwell assay data showed 
that miR-200c-3p overexpression resulted in a significant 
decrease in the invasive capabilities of PCa cells (Figure 2H).  
Concerning the positive results induced by miR-200c-
3p, we further detected metastasis-associated proteins. 
Overexpression of miR-200c-3p could upregulate the 
expression of E-cadherin and downregulate N-cadherin 
and Vimentin expression, which are all key regulators of 
EMT progression (Figure 2I). Therefore, miR-200c-3p 
overexpression significantly repressed the migration and 

invasion of PCa in vitro.

ZEB2 acts as a direct target of miR-200c-3p in regulating 
EMT of PCa

To initially screen the potential targets of miR-200c-3p, 
we used bioinformatic prediction websites (StarBase, and 
Linkedomics), and 802 co-targets were identified (Figure 3A).  
Further pathway analysis of these targets was performed 
with the DAVID Bioinformatic Resources 6.8 (https://david.
ncifcrf.gov/) by submitting a list of these genes. The results 
showed that 51 signal pathways are predicted to be involved 
(P<0.05), most of them directly associated with cancers 
or signal pathways indirectly regulating cancers (Table 1). 
The potential target ZEB2, which was involved in EMT, 
was selected through Linkedomics, suggesting a significant 
negative correlation with miR-200c-3p (Figure 3B,C). 

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/


Zhang et al. miR-200c-3p/ZEB2 loop in progression of PCa

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(7):141atm.amegroups.com

Page 6 of 13

Figure 2 miR-200c-3p suppresses cell proliferation and migration abilities of PCa cell lines in vitro. (A) Established overexpression of 
miR-200c-3p in PCa cell lines, showing a 17.2-fold increase in miR-200c-3p in PC3 cells and an 8.9-fold increase in miR-200c-3p in 
DU145 cells; (B,C) overexpression of miR-200c-3p obviously inhibited PCa cell proliferation, with a 63.6% decrease in PC3 cells and a 
57.1% decrease in DU145 cells; (D,E) miR-200c-3p reduced colony-formation in PC3 and DU145 cells; (F) miR-200c-3p overexpression 
resulted in a 61.8% decrease in PC3 colony rate and a 54.2% decrease in DU145 colony rate, (G) miR-200c-3p overexpression significantly 
reduced the PC3 and DU145 cell migratory capacity (P<0.05); (H) miR-200c-3p overexpression resulted in a significant decrease in the 
invasive capabilities of PCa cells (P<0.05); (I) Western blot, along with histograms of gray intensity value, indicated that overexpression of  
miR-200c-3p significantly upregulated E-cadherin protein expression, and downregulated the protein expressions of N-cadherin and 
vimentin in PC3 and DU145 cells. All experiments were conducted separately three times. *, P<0.05; ***, P<0.001. PCa, prostate cancer.
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Figure 3 ZEB2 acts as direct target of miR-200c-3p in regulating EMT of PCa. (A) Bioinformatic prediction websites used; (B,C) prediction 
of miR-200c-3p-associated targets, and the significant correlation of ZEB2 and miR-200c-3p; (D) ZEB2 level in PCa patients extracted 
and integrated from the TCGA; (E) ZEB2 expression was significantly upregulated in 22 PCa tissues compared with normal tissues; (F) 
downregulation of ZEB2 was induced by miR-200c-3p overexpression in PCa cell lines by qRT-PCR (P<0.05); (G) downregulation of ZEB2 
protein level as determined by Western blot; (H,I) dual luciferase reporter assay of miR-200c-3p and ZEB2 (P<0.05); (J,K) cotransfected 
miR-200c-3p inhibitor attenuated the ZEB2 mRNA and protein expression repressed by Si-ZEB2 in PC3 cells (P<0.05); (L) downregulation 
of ZEB2 rescued miR-200c-3p expression under the context of a miR-200c-3p inhibitor in PC3 cells (***P<0.001). All experiments were 
conducted separately three times. *, P<0.05. PCa, prostate cancer; EMT, epithelial-mesenchymal transition. 
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Table 1 KEGG analysis of miR-200c-3p with DAVID online tool

Category Term Gene counts P

KEGG_PATHWAY Focal adhesion 42 7.8E-16

KEGG_PATHWAY Pathways in cancer 53 2.5E-12

KEGG_PATHWAY PI3K-Akt signaling pathway 44 8.7E-10

KEGG_PATHWAY Ras signaling pathway 34 1.2E-9

KEGG_PATHWAY Rap1 signaling pathway 33 1.3E-9

KEGG_PATHWAY Regulation of actin cytoskeleton 33 1.9E-9

KEGG_PATHWAY Proteoglycans in cancer 31 5.0E-9

KEGG_PATHWAY Bacterial invasion of epithelial cells 18 8.6E-8

KEGG_PATHWAY MicroRNAs in cancer 23 3.7E-7

KEGG_PATHWAY Platelet activation 19 2.1E-5

KEGG_PATHWAY Neurotrophin signaling pathway 18 3.2E-5

KEGG_PATHWAY Endocytosis 28 3.4E-5

KEGG_PATHWAY Axon guidance 18 5.5E-5

KEGG_PATHWAY Osteoclast differentiation 18 7.5E-5

KEGG_PATHWAY Adherens junction 13 9.1E-5

KEGG_PATHWAY Amoebiasis 16 1.0E-4

KEGG_PATHWAY ECM-receptor interaction 14 1.7E-4

KEGG_PATHWAY Renal cell carcinoma 12 1.8E-4

KEGG_PATHWAY Chronic myeloid leukemia 12 4.5E-4

KEGG_PATHWAY Small cell lung cancer 13 4.7E-4

KEGG_PATHWAY ErbB signaling pathway 13 6.5E-4

KEGG_PATHWAY HTLV-I infection 24 1.1E-3

KEGG_PATHWAY Leukocyte transendothelial migration 15 1.2E-3

KEGG_PATHWAY TGF-beta signaling pathway 12 1.2E-3

KEGG_PATHWAY cGMP-PKG signaling pathway 18 1.7E-3

KEGG_PATHWAY MAPK signaling pathway 23 2.9E-3

KEGG_PATHWAY Hippo signaling pathway 16 4.4E-3

KEGG_PATHWAY Arrhythmogenic right ventricular cardiomyopathy (ARVC) 10 5.4E-3

KEGG_PATHWAY Cholinergic synapse 13 5.7E-3

KEGG_PATHWAY Prolactin signaling pathway 10 5.9E-3

KEGG_PATHWAY Sphingolipid signaling pathway 13 1.0E-2

KEGG_PATHWAY Jak-STAT signaling pathway 14 1.2E-2

KEGG_PATHWAY Chemokine signaling pathway 16 1.2E-2

KEGG_PATHWAY Oxytocin signaling pathway 15 1.3E-2

KEGG_PATHWAY Melanoma 9 1.7E-2

Table 1 (continued)

https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=1&d-16544-o=2&d-16544-p=1&annot=55
https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=2&d-16544-o=2&d-16544-p=1&annot=55
https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=5&d-16544-o=1&d-16544-p=1&annot=55
https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=7&d-16544-o=1&d-16544-p=1&annot=55
https://david.ncifcrf.gov/kegg.jsp?path=cfa04510$Focal%20adhesion&termId=550012284&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05200$Pathways%20in%20cancer&termId=550012390&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04151$PI3K-Akt%20signaling%20pathway&termId=550012269&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04014$Ras%20signaling%20pathway&termId=550012243&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04015$Rap1%20signaling%20pathway&termId=550012244&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04810$Regulation%20of%20actin%20cytoskeleton&termId=550012325&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05205$Proteoglycans%20in%20cancer&termId=550012394&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05100$Bacterial%20invasion%20of%20epithelial%20cells&termId=550012371&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05206$MicroRNAs%20in%20cancer&termId=550012395&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04611$Platelet%20activation&termId=550012292&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04722$Neurotrophin%20signaling%20pathway&termId=550012313&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04144$Endocytosis&termId=550012265&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04360$Axon%20guidance&termId=550012280&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04380$Osteoclast%20differentiation&termId=550012282&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04520$Adherens%20junction&termId=550012287&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05146$Amoebiasis&termId=550012380&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04512$ECM-receptor%20interaction&termId=550012285&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05211$Renal%20cell%20carcinoma&termId=550012397&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05220$Chronic%20myeloid%20leukemia&termId=550012406&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05222$Small%20cell%20lung%20cancer&termId=550012408&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04012$ErbB%20signaling%20pathway&termId=550012242&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05166$HTLV-I%20infection&termId=550012387&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04670$Leukocyte%20transendothelial%20migration&termId=550012307&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04350$TGF-beta%20signaling%20pathway&termId=550012279&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04022$cGMP-PKG%20signaling%20pathway&termId=550012246&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04010$MAPK%20signaling%20pathway&termId=550012241&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04390$Hippo%20signaling%20pathway&termId=550012283&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05412$Arrhythmogenic%20right%20ventricular%20cardiomyopathy%20(ARVC)&termId=550012421&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04725$Cholinergic%20synapse&termId=550012316&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04917$Prolactin%20signaling%20pathway&termId=550012333&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04071$Sphingolipid%20signaling%20pathway&termId=550012254&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04630$Jak-STAT%20signaling%20pathway&termId=550012299&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04062$Chemokine%20signaling%20pathway&termId=550012249&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04921$Oxytocin%20signaling%20pathway&termId=550012337&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05218$Melanoma&termId=550012404&source=kegg


Annals of Translational Medicine, Vol 7, No 7 April 2019 Page 9 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(7):141atm.amegroups.com

Table 1 (continued)

Category Term Gene counts P

KEGG_PATHWAY cAMP signaling pathway 17 1.8E-2

KEGG_PATHWAY Pancreatic secretion 10 2.1E-2

KEGG_PATHWAY Colorectal cancer 8 2.2E-2

KEGG_PATHWAY Malaria 7 2.5E-2

KEGG_PATHWAY Viral myocarditis 7 2.5E-2

KEGG_PATHWAY Pancreatic cancer 8 2.8E-2

KEGG_PATHWAY Glioma 8 3.1E-2

KEGG_PATHWAY Measles 12 3.1E-2

KEGG_PATHWAY Estrogen signaling pathway 10 3.4E-2

KEGG_PATHWAY Phosphatidylinositol signaling system 10 3.4E-2

KEGG_PATHWAY Dorso-ventral axis formation 5 3.5E-2

KEGG_PATHWAY Glycosaminoglycan biosynthesis—keratan sulfate 4 3.6E-2

KEGG_PATHWAY Wnt signaling pathway 12 4.1E-2

KEGG_PATHWAY Lysosome 11 4.6E-2

KEGG_PATHWAY Vascular smooth muscle contraction 11 4.6E-2

KEGG_PATHWAY Prostate cancer 9 4.9E-2

Moreover, the bioinformatic database website (https://www.
oncomine.org/) was consulted to analyze the ZEB2 level 
in patients with clinical PCa extracted and integrated from 
TCGA. The results indicated that ZEB2 has an increased 
tendency in PCa tissues (fold change: 1.434, P=0.033) 
compared to normal subjects (Figure 3D). In addition, our 
results were consistent and indicated that ZEB2 protein 
expression was significantly upregulated in 22 PCa tissues 
compared with normal tissues (Figure 3E).

Preliminarily, qRT-PCR showed that downregulation 
of ZEB2 was induced by miR-200c-3p overexpression 
in PCa cell lines (Figure 3F). In addition, the consistent 
downregulation of ZEB2 protein levels was determined 
by Western blot (Figure 3G). To further confirm the direct 
targeting relationship, a dual luciferase reporter assay was 
performed (Figure 3H,I). Our findings showed that miR-
200c-3p significantly reduced the luciferase activity of 
ZEB2 containing a wild-type (WT) 3'-UTR but did not 
suppress the activity of ZEB2 containing a mutant 3'-UTR 
(MUT). Therefore, these results indicated that ZEB2 is the 

direct target of miR-200c-3p.

Inhibition of miR-200c-3p expression partially rescues the 
Si-ZEB2-induced suppression of EMT

We performed rescue experiments to test whether miR-
200c-3p inhibition could abrogate the inhibition of EMT 
by Si-ZEB2 (GenePharma Co., Ltd, Shanghai, China). 
In parallel, we cotransfected miR-200c-3p inhibitor 
(GenePharma Co., Ltd, Shanghai, China) to attenuate 
ZEB2 mRNA and protein expression repressed by  
Si-ZEB2 in the PC3 cell line (Figure 3J,K). The protein 
expression patterns of E-cadherin and N-cadherin were also 
observed. Transfection of miR-200c-3p inhibitor partially 
but significantly reversed the suppression of EMT by  
Si-ZEB2 (P<0.05). Moreover, downregulation of ZEB2 by 
Si-ZEB2 was found to rescue the expression of miR-200c-
3p in the context of the miR-200c-3p inhibitor, suggesting 
the existence of the miR-200c-3p/ZEB2 loop (Figure 3L). 
Thus, we confirmed that ZEB2 is a key mediator of miR-

https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=1&d-16544-o=2&d-16544-p=1&annot=55
https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=2&d-16544-o=2&d-16544-p=1&annot=55
https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=5&d-16544-o=1&d-16544-p=1&annot=55
https://david.ncifcrf.gov/chartReport.jsp?d-16544-s=7&d-16544-o=1&d-16544-p=1&annot=55
https://david.ncifcrf.gov/kegg.jsp?path=cfa04024$cAMP%20signaling%20pathway&termId=550012247&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04972$Pancreatic%20secretion&termId=550012354&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05210$Colorectal%20cancer&termId=550012396&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05144$Malaria&termId=550012378&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05416$Viral%20myocarditis&termId=550012423&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05212$Pancreatic%20cancer&termId=550012398&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05214$Glioma&termId=550012400&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05162$Measles&termId=550012385&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04915$Estrogen%20signaling%20pathway&termId=550012331&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04070$Phosphatidylinositol%20signaling%20system&termId=550012253&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04320$Dorso-ventral%20axis%20formation&termId=550012276&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa00533$Glycosaminoglycan%20biosynthesis%20-%20keratan%20sulfate&termId=550012178&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04310$Wnt%20signaling%20pathway&termId=550012275&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04142$Lysosome&termId=550012264&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa04270$Vascular%20smooth%20muscle%20contraction&termId=550012274&source=kegg
https://david.ncifcrf.gov/kegg.jsp?path=cfa05215$Prostate%20cancer&termId=550012401&source=kegg
https://www.oncomine.org/
https://www.oncomine.org/
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200c-3p in tumor suppression in PCa.

Tumor suppressor role of miR-200c-3p in vivo

To evaluate the effects of miR-200c-3p overexpression 
on tumor growth in vivo, the transfected PC3 cells were 
implanted subcutaneously into the back of nude mice, 
and the tumor volumes were measured after injection 

(eight nude mice were included in the miR-200c-3p 
overexpression group, and eight were included in the miR-
200c-3p control group). After two weeks of treatment with 
miR-200c-3p, the mice were humanely euthanized, and 
tumor xenografts were removed for further tests. Tumor 
xenografts were weighed; an obvious weight reduction 
was found in the miR-200c-3p-treated group, and the size 
of each tumor xenograft is shown in Figure 4A,B,C. To 

Figure 4 Tumor-suppressive role of miR-200c-3p in vivo. (A) The size of each tumor xenograft between two groups (eight tumor xenografts 
from miR-200c-3p overexpression group, and eight from miR-200c-3p control group); (B) tumor volumes of two groups by treatment days; 
(C) tumor weight between two groups (***P<0.001); (D) immunohistochemistry of ZEB2 (×400) and PCNA (×400) in tumor xenografts 
between two groups (P<0.05).
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revalidate the expression level of ZEB2, tumor xenografts 
were analyzed by immunohistochemistry (IHC) (Figure 4D),  
and the results revealed that ZEB2 was downregulated 
in tumor xenografts treated with miR-200c-3p (P<0.05). 
IHC was also used to further confirm the proliferation 
indicator (PCNA), which suggested a consistent reduction 
by miR-200c-3p-treated xenografts (P<0.05). In summary, a 
tumor xenograft experiment in vivo reconfirmed the tumor 
suppressor role of miR-200c-3p in PCa.

Discussion

This study investigated the role of miR-200c-3p in 
regulating prostate carcinoma migration. We indicated 
a novel regulatory loop of miR-200c-3p/ZEB2 in PCa 
progression. To determine the crucial gene in the regulating 
loop, we referred to Oncomine (https://www.oncomine.
org/) and found that ZEB2 expression was increased in 
prostate adenocarcinoma compared with noncancerous 
prostate tissues. We also used bioinformatics and a dual 
luciferase reporter assay to confirm the relationship between 
miR-200c-3p and ZEB2. We conducted in vitro and in vivo 
studies to examine the function of the miR-200c-3p/ZEB2 
regulatory axis in PCa. Therefore, targeting the miR-200c-
3p/ZEB2 regulatory loop may be a novel strategy for the 
treatment of PCa.

miRNA regulation is highly associated with multiple 
biological processes, such as differentiation, proliferation, 
migration, survival and invasion. Subsequently, deregulation 
of certain miRNA levels has been found to be associated 
with tumor progression, metastasis, and recurrence (20). 
miR-646 was reported to directly target FOXK1 and 
regulate Akt/mTOR signaling after FOXK1, which resulted 
in inhibition of proliferation and EMT-induced metastasis 
in human gastric cancer (21). Moreover, miR-485 was 
found to inhibit metastasis and EMT by targeting Flot2 
and suppress the activity of PI3K/AKT/mTOR signaling 
in lung adenocarcinoma cells (22). In addition, miR-138 
overexpression could inhibit metastasis of breast cancer 
cells and downregulate vimentin expression and upregulate 
E-cadherin expression, which are involved in EMT (23). 

EMT is an important process during tumor development 
by which epithelial cells acquire mesenchymal, fibroblast-
like properties and show reduced intercellular adhesion 
and increased motility (24). A recent study has revealed 
that the loss of miR-200c-3p contributes to the acquisition 
of EMT phenotype and drug resistance in cancer 
stem cells (25). As an important regulator of EMT,  

miR-200c-3p was previously studied in breast cancer, 
gastric cancer and some other epithelial cancers (15,26-
28). In addition, the expression of miR-200c-3p and miR-
141-3p in prostate biopsy tissue was inversely correlated 
with methylation in promoter CpG sites closest to the miR-
200c-3p/miR-141-3p loci, indicating that they are under 
epigenetic regulation in PCa cells (29). Therefore, the 
molecular mechanisms of miR-200c-3p in PCa progression 
require further investigation.

Recent studies have demonstrated that transcription 
repressors, including ZEB, are strongly correlated with 
the induction of EMT phenotype (30-32). To gain further 
insight into the association between ZEB2 and miR-200c-
3p during EMT progression in PCa, we overexpressed 
miR-200c-3p in PC3 and DU145 cells. As expected, 
overexpression of miR-200c-3p led to a significant decrease 
in ZEB2 expression and an increase in the expression of the 
epithelial cell marker E-cadherin in both PC3 and DU145 
cells. These findings indicated a partial reversal of the EMT 
signature upon miR-200c-3p overexpression. Subsequently, 
in the xenograft model, our findings were consistent 
with the effects in vitro. Taken together, the results of 
both in vitro and in vivo studies strongly suggest a tumor-
suppressive role for miR-200c-3p in PCa pathogenesis.

Bioinformatics analysis demonstrated that ZEB2 is 
a potential direct target of miR-200c-3p in PCa, with a 
significant P value of negative correlation. The zinc-finger 
structures of ZEB2 are highly conserved and allow DNA 
binding at E-boxes present within the promoter regions of 
target genes, such as E-cadherin. It was revealed that as an 
oncogene, ZEB2 is expressed and is a strong suppressor of 
E-cadherin expression as well as an inducer of N-cadherin 
and vimentin expression in some cancers (33-35). In our 
study, the dual luciferase reporter assay confirmed that 
miR-200c-3p directly targets ZEB2. Therefore, miR-200c-
3p was considered to maintain the epithelial phenotype 
and control the EMT process by targeting ZEB2 in PCa. 
Moreover, downregulation of ZEB2 by Si-ZEB2 was found 
to rescue the expression of miR-200c-3p under the context 
of a miR-200c-3p inhibitor, suggesting the existence of the 
miR-200c-3p/ZEB2 loop in PCa.

Conclusions

In conclusion, we found that miR-200c-3p could reduce 
EMT through targeting the expression of ZEB2. Moreover, 
ZEB2 could also repress the expression of miR-200c-3p 
in turn. Further study of the pleiotropic functions of miR-

https://www.oncomine.org/
https://www.oncomine.org/
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200c-3p/ZEB2 may help in understanding PCa metastasis. 
Based on our novel findings, we believe that targeting miR-
200c-3p/ZEB2 could be promising for designing strategies 
for the treatment of invasive and metastatic PCa.
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Supplementary

Table S1 Main characteristics of 22 included patients in this study

Characteristics Patients (n=22)

Age (year), median ± SD 59.6±5.4

Positive surgical margins, % 18.2

Median pre-surgery PSA concentration (ng/mL) 
(IQR range)

8.9 (6.4, 15.7)

Pathologic Gleason sum, n (%)

6 5 (22.7)

7 15 (68.2)

≥8 2 (9.1)

Pathologic stage, n (%)

T2 6 (27.3)

T3a 12 (54.5)

T3b/N1 4 (18.2)

PSA, prostate specific antigen.


