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Abstract
ZNFX1 anti-sense RNA 1 (ZFAS1) has been indicated in the tumorigenesis of various human cancers. However, the role of 
ZFAS1 in prostate cancer (PCa) progression and the underlying mechanisms remain incompletely understood. In the present 
study, we discovered that ZFAS1 is upregulated in PCa and that ZFAS1 overexpression predicted poor clinical outcomes. 
ZFAS1 overexpression notably promoted the proliferation, invasion, and epithelial–mesenchymal transition of PCa cells. 
Furthermore, we not only discovered that miR-27a/15a/16 are targeted by ZFAS1, which binds to their miRNA-response 
elements, but also revealed their tumor suppressor roles in PCa. We also identified that the Hippo pathway transducer YAP1, 
as well as its cooperator, TEAD1, are common downstream targets of miR-27a/15a/16. In addition, H3K9 demethylase 
KDM3A was found to be another target gene of miR-27a. Importantly, YAP1, TEAD1, and KDM3A all act as strong c-Myc 
inducers in an androgen-independent manner. Taken together, we suggest a regulatory network in which ZFAS1 is capable 
of enhancing c-Myc expression by inducing the expression of YAP1, TEAD1, and KDM3A through crosstalk with their 
upstream miRNAs, thereby globally promoting prostate cancer tumorigenesis.
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Abbreviations
ZFAS1  ZNFX1 anti-sense RNA 1
YAP1  Yes-associated protein 1
TEAD1  TEA domain transcription factor 1
KDM3A  Lysine demethylase 3A
PCa  Prostate cancer
ceRNA  Competing endogenous RNA

AR  Androgen receptor
PSA  Prostate-specific antigen

Introduction

Prostate cancer (PCa) ranks as the second most frequent 
cancer and is the fifth leading cause of cancer death in men 
around the world [1]. In the United States, prostate cancer 
is the most diagnosed cancer among men [1, 2]. Although 
diagnostic screening and improved treatments have been 
applied for the detection and management of PCa at an 
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earlier stage, which results in the postponement of death for 
patients with metastatic PCa, it still remains an important 
health problem [3]. Studies have shown that androgen recep-
tor (AR) plays a key role in the tumorigenesis and progres-
sion of prostate cancer, and aberrant AR activation causes 
resistance to androgen-deprivation therapy (ADT), which 
remains the main line of treatment for advanced prostate 
cancer [4, 5]. Therefore, identifying the molecular mecha-
nism underlying AR activity and the progression of prostate 
cancer could greatly improve the treatment for castration-
resistant prostate cancer (CRPC) [5].

Long noncoding RNAs (lncRNAs) are a class of non-
protein-coding RNAs with lengths of more than 200 nucleo-
tides [6]. Accumulating evidence has shown that lncRNAs 
participate in multiple biological processes, such as cell dif-
ferentiation [7], autophagy [8], chemotherapy resistance [9], 
and chromatin modification [10]. Moreover, lncRNA expres-
sion is frequently dysregulated in various types of cancers, 
and specific lncRNAs can function as oncogenes or tumor 
suppressors in different cancers, including breast cancer [9], 
bladder cancer [11], hepatocellular carcinoma [12], and gas-
tric cancer [10]. LncRNAs exert their functions through a 
variety of mechanisms, and recent studies have revealed that 
they serve as competing endogenous RNAs (ceRNAs) and 
crosstalk with mRNAs by sponging their common microR-
NAs (miRNAs), therefore regulating the expression of onco-
gene or tumor suppressor genes at the posttranscriptional 
level [13–15]. For example, in gastric cancer, KRTAP5-1/
KRTAP5-2 Anti-sense RNA 1 (KRTAP5-AS1) and Tubulin 
Beta 2A Class IIa (TUBB2A) regulate Claudin 4 (CLDN4) 
gene expression through ceRNA-mediated miR-596 and 
miR-3620-3p degradation [16]; HOX Transcript Anti-sense 
RNA (HOTAIR) promotes renal carcinoma progression 
via the regulation of miR-138/200c/204/217 as a ceRNA 
[17]. Some lncRNAs have been highlighted in prostate can-
cer in terms of their functions as highly androgen-specific. 
Nuclear-enriched abundant transcript 1 (NEAT1) is regu-
lated by estrogen receptor alpha (ERα) signaling and drives 
the oncogenic growth of PCa cells by altering the epigenetic 
landscape of target gene promoters to favor transcription 
[18]. HOTAIR binds to the AR protein, blocks its interac-
tion with the E3 ubiquitin ligase MDM2 proto-oncogene 
(MDM2), and prevents AR ubiquitination and degradation 
[19]. Nonetheless, further work is necessary to identify the 
functional and prognostic significance of lncRNAs in pros-
tate cancer.

ZNFX1 anti-sense RNA 1 (ZFAS1), a novel lncRNA 
transcribed from the anti-sense orientation of zinc-finger 
NFX-type containing 1 (ZNFX1), is located on chromosome 
20q13.13 [20]. Recent studies have revealed that the aber-
rant expression of ZFAS1 contributes to the development, 
recurrence, and chemotherapeutic sensitivity of various 
human cancers, including gastric cancer [21], hepatocellular 

carcinoma [22], colorectal cancer [23], and ovarian cancer 
[24]. The mechanisms through which ZFAS1 is involved 
in tumorigenesis are reported as the participation in p53 
signaling [23], cell cycle arrest [21], and epithelial–mes-
enchymal transition (EMT) [22, 23]. The proto-oncogene 
c-Myc is known to be widely involved in many cancers, 
in which its expression is estimated to be either elevated 
or deregulated in up to 70% of human cancers [25, 26]. It 
has been established that c-Myc mRNA and protein levels 
are upregulated in human prostate cancer tissues, and its 
expression is associated with the progression and recur-
rence of prostate cancer [27–29]. Multiple mechanisms are 
proposed to regulate c-Myc expression in cancers. Among 
them, lncRNAs, such as FILNC1 and CCAT1-L, crosstalk 
with c-Myc and regulate c-Myc expression at the transcrip-
tional or posttranscriptional level [30, 31]. In addition, a 
recent study revealed that KDM3A, a histone demethylase, 
promotes prostate cancer cell proliferation and survival [32] 
by controlling c-Myc expression though recruiting AR to the 
c-Myc gene promoter and inducing H3K9 demethylation.

In the present study, we discovered that lncRNA ZFAS1 
is essential for the proliferation and invasion of PCa cells. 
Mechanistically, it promotes c-Myc expression by serv-
ing as a ceRNA and releasing three key c-Myc regulators, 
KDM3A, YAP1, and TEAD1, from being suppressed by 
their common upstream microRNAs. Here, we propose a 
regulatory network in prostate cancer cells. c-Myc is regu-
lated by ZFAS1 through ceRNA-mediated miRNA evasion. 
Our study unravels an undisclosed role of ZFAS1 in regu-
lating c-Myc and promoting the tumorigenesis of prostate 
cancer.

Materials and methods

Tissues

The benign prostate tissues were freshly collected from 61 
patients who were diagnosed with benign prostate hyperpla-
sia (BPH) and underwent transurethral resection of prostate. 
A total of 52 prostate cancer tissues and matched non-tumor-
ous adjacent prostate tissues were obtained from patients 
who were pathologically diagnosed with prostate cancer and 
received surgical resection. All the patients were hospital-
ized and received surgical treatment at the Urology Depart-
ment at the First Hospital of China Medical University 
(Shenyang, China). The study was conducted according to 
an institutional review board-approved protocol (2012–33) 
by Medical Ethics Committee of the First Affiliated Hospital 
of China Medical University, and written informed consent 
was obtained from each patient for surgery and research pur-
poses. The clinical pathological sections of prostate cancer 
with Gleason score 3–4 were provided by Department of 
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Pathology at The First Hospital of China Medical Univer-
sity, and the pathological diagnosis and analysis of immu-
nochemistry staining result in this study were made in col-
laboration with Department of Pathology.

Cell culture

LNCaP, PC-3, and RV-1 cells were purchased from the cell 
bank of Chinese Academy of Sciences (Shanghai, China). 
These cells are maintained in RPMI 1640 medium supple-
mented with 10% FBS and antibiotics, and regularly tested 
to ensure that they are mycoplasma-free.

RNA isolation and real‑time quantitative PCR

Total RNA was extracted from cultured cell lines using TRI-
zol reagent (Invitrogen) and reverse transcribed with ran-
dom primers using PrimeScript™ RT Master Mix (Perfect 
Real Time; Takara Biotechnology Co. Ltd., Dalian, China) 
according to the manufacturer’s instructions. For micro-
RNA detection, cDNA synthesis and quantitative real-time 
PCR were performed using a mercury LNA™ Universal 
RT microRNA PCR kit (Exiqon, Skelstedet, Vedbaek, Den-
mark). qRT-PCR was performed using  SYBR® Premix Ex 
Taq™ (Tli RNaseH Plus; Takara Biotechnology Co. Ltd., 
Dalian, China) and LightCyclerTM 480 II system (Roche, 
Basel, Switzerland). β-actin and U6 snRNA were employed 
as endogenous controls for mRNA/lncRNA and miRNA, 
respectively. The primers used to amplify the target genes 
are listed in Supplementary Table S3. The relative levels of 
gene expression were quantified and analyzed using Light-
CyclerTM 480 software 1.5.1.6.2 (Roche, Basel, Switzer-
land). The real-time value for each sample was averaged 
and compared using the 2-ΔΔCt method. Three independent 
experiments were performed to analyze the relative gene 
expression.

Luciferase reporter assay

Luciferase reporters were generated based on the 
psiCHECK2 vector (Promega) and a Dual Luciferase 
Reporter Assay Kit (Promega) according to the manufac-
turer’s protocol. To construct psiCHECK-ZFAS1, full-
length sequences of ZFAS1 (1075nt, UCSC accession no. 
uc061xqc.1) were PCR amplified and subcloned into the 
psiCHECK2 vector. The luciferase reporter construct was 
co-transfected with agomir of miR-181a-5p, miR-181c-5p, 
miR-27a-3p, miR-15a-5p, miR-497-5p, and miR-16-5p into 
the PC-3 and RV-1 cells by Lipofectamine 3000 (Invitrogen) 
according to the manufacturer’s guidelines. To construct the 
psiCHECK-ZFAS1 mutant, sequence of ZFAS1 with the 
predicted MREs of either mR-27a/15a/16 mutated was sub-
cloned into the psiCHECK2 vector, and the luciferase report 

was relatively co-transfected with negative control or agomir 
of miR-27a-3p, miR-15a-5p or miR-16-5p as indicated. To 
test the interaction between ZFAS1 and miR-27a/15a/16, 
wild MRE sequence of ZFAS1 gene and relative mutant 
type were cloned into the psiCHECK2 vector. The sequence 
was listed in Supplementary Fig. 3e. The relative luciferase 
activity was measured by Synergy HTX multi-mode micro-
plate reader (BioTek).

Western blotting analysis

Antibodies to KDM3A (ab106456), c-Myc (ab32072), YAP1 
(ab52771), TEAD1 (ab197589), and GAPDH (ab181602) 
(all from abcam) were used according to the manufacturer’s 
recommendations. Cells were harvested in RIPA lysis buffer 
(Beyotime, Beijing, China) and boiled for 10 min at 90 °C. 
50 μg of protein extract from cultured cells were separated 
by 10% SDS–polyacrylamide gel electrophoresis (SDS-
PAGE), and the gels were subsequently electrotransferred 
onto polyvinylidene difluoride (PVDF) membranes (Mil-
lipore), followed by incubating with the indicated primary 
antibodies in 5% nonfat milk in TBS-T overnight at 4 °C. On 
the next day, the membranes were washed for 15 min each 
and immediately incubated with anti-rabbit or anti-mouse 
horseradish peroxidase-conjugated secondary antibodies 
for 1 h at 37 °C. The immunobands were visualized using 
ECL reagents (Transgen Biotechnology, Beijing, China) on a 
MicroChemi Chemiluminescent Imaging System (DNR Bio-
Imaging Systems, Mahale HaHamisha, Jerusalem, Israel). 
The densitometric values were calculated by Image J 1.46r 
software (Wayne Rasband, National Institutes of Health, 
Bethesda, MA, USA), and the ratios of target protein to 
GAPDH were used to conduct the statistical analysis.

Plasmids and transfection

The shRNAs were constructed using pLKO.1 vector accord-
ing to Addgene TRC Cloning Protocol. The micro RNA ago-
mir and antagomir were synergized by and purchased from 
GenePharma (Shanghai, China). Transfections were per-
formed using the Lipofectamine 3000 Reagent (Invitrogen) 
following the manufacturer’s protocol. Final concentrations 
for miRNA agomir or plasmids were 50 nM and 0.75 μg/
ml. Cells were cultured in a 6-well plate with 2 ml culture 
medium. The concentration for lentivirus transduction was 
5 × 106 transducing units of lentivirus. The stable cell lines 
were constructed using puromycin (200 μg ml−1).

Engineered prostate cancer cells

RV-1 cells and PC-3 cells were used as parallel cell lines of 
prostate cancer in this study. ZFAS1 gene was subcloned 
into pLVX-IRES-zsGreen1 vector, and the empty vector was 
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used as the control. Lentiviral vector-encoding ZFAS1 was 
packaged in 293 T cells by the calcium phosphate transfec-
tion. Prostate cancer cells were transduced with the superna-
tant of lentiviral particles. In this study, ZFAS1 transduced 
prostate cancer cells were named as pLVX-NC RV-1 or PC-3 
cells, pLVX-ZFAS1 RV-1 or PC-3 cells. Similarly, miR-
NAs (miR-27a, miR-15a or miR-16) were overexpressed or 
knocked down in prostate cancer cells by transfecting the 
agomir or antagomir or the relative scramble control (miR-
NC or Ant-miR) into the cells.

Proliferation assay

The capacity for cellular proliferation was measured using a 
Cell Counting Kit-8 (CCK-8) (Dojindo, Tokyo, Japan) and a 
cell colony formation assay, according to the manufacturer’s 
protocol. The absorbance value was measured at 450 nm to 
determine cell viability using a 96-well plate reader. For 
cell colony formation assay, the cells were plated in 24-well 
plates (300 cells per well) and incubated for 14 days in com-
plete medium. Colonies were fixed with 10% formaldehyde 
for 10 min and stained with 1.0% crystal violet for 5 min. 
The number of colonies, defined as > 50 cells/colony, was 
counted.

Transwell invasion assay

The transwell invasion assay was performed using the tran-
swell (Corning) and matrigel (BD Biosciences) according 
to the manufacturer’s instructions. Cells were re-suspended 
in RPMI 1640 containing 1% FBS, and 0.2 ml cell suspen-
sion (1 × 104/ml) was seeded into the top chamber, whereas 
0.6 ml of RPMI 1640 containing 10% FBS was filled in 
the lower chamber, used as a chemoattractant. After 24 h 
of incubation at 37 °C with 5% CO2, the number of cells 
invading through the matrigel was counted in ten randomly 
selected visual fields, and the images were captured by a 
Leica DM3000 microscope (Leica).

Immunohistochemistry

Clinical pathological sections of prostate cancer tissue speci-
mens from 30 PCa patients were provided by Department 
of Pathology at The First Hospital of China Medical Uni-
versity. The expression of KDM3A, YAP1, TEAD1, and 
c-Myc in tissue specimens was detected using an UltraSen-
sitive™ SP (Mouse/Rabbit) IHC kit (Maxin-Bio, Fuzhou, 
Fujian, China) according to the manufacturer’s instructions. 
Briefly, sections were first dewaxed in xylene and ethanol, 
and antigen retrieval was performed using a microwave for 
10 min at 100 °C. The sections were then incubated with 
antibodies for 1 h, followed by biotinylated anti-IgG anti-
body and streptavidin-biotinylated-complex/horseradish 

peroxidase. DAB and hematoxylin were used for nuclear 
staining. The images were then captured by upright metallur-
gical microscope (Olympus, Tokyo, Japan) under an original 
magnification of 200×. Scoring was done by two patholo-
gists who counted the intensity of positive cells in a defined 
area. The staining intensity of target factors were assessed 
by two ways: To quantify ZFAS1, KDM3A, YAP1, TEAD1, 
or c-Myc staining, staining intensity was classified as: 0 (no 
staining), 1 (low staining), 2 (medium staining), and 3 (high 
staining). 0 and 1 were defined as low expression, and 2 and 
3 were defined as high expression; to quantify staining of 
ZFAS1 and/or c-Myc, the cell-positive rate was counted in 
three random visual fields.

In situ hybridization

In situ hybridization (ISH) was performed using the ISH Kit 
(GenePharma, Shanghai, China) according to the manufac-
turer’s instructions. Briefly, formalin-fixed paraffin-embed-
ded tissue slides were deparaffinized and deproteinated, and 
prehybridized in prehybridization solution for 2 h at 42 °C. 
Then, the sections were incubated in ZFAS1-probe solu-
tion over night at 42 °C. The slides were then exposed to 
a streptavidin–peroxidase reaction system and stained with 
DAB and hematoxylin. The images were captured by upright 
metallurgical microscope (Olympus, Tokyo, Japan) under an 
original magnification of 200×.

RNA immunoprecipitation

RV-1 cells were lysed by trizol reagent (Invitrogen), and 
total RNAs were extracted and prepared. 1 μg of each RNA 
sample was incubated without probe or with 5 μg of biotin-
labeled MREs mutated ZFAS1 anti-sense probe or biotin-
labeled ZFAS1 anti-sense probe overnight at 4 °C, and the 
complexes were isolated with streptavidin agarose beads 
(Invitrogen). The miRNAs present in the pull-down products 
were measured by real-time PCR using designed primers.

Animal experiments

BALB/c nude mice (4–6 weeks old, 14–16 g) were pur-
chased from Beijing Vital River Experimental Animal Tech-
nology Co. Ltd., and housed in Department of laboratory 
animal science of China Medical University. The study was 
approved by Medical Laboratory Animal Welfare and Ethics 
Committee of China Medical University and the methods 
were carried out in accordance with the approved guidelines. 
The pLVX-NC-RV-1 and pLVX-ZFAS1-RV-1 cells were 
separately injected into the flanks of athymic nude mice 
to establish a xenograft tumor. When tumor sizes reached 
approximately 20 mm3 (approximately 1 week after inocula-
tion), the mice were randomly divided into five groups (one 
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was established by pLVX-NC-RV-1 cells and the other four 
by pLVX-ZFAS1-RV-1 cells; 5 mice/group), and the agomir 
of miR-27a-3p/miR-15a-5p/miR-16-5p (diluted in PBS at 
2 μM) or 100 μL of negative control was injected intratu-
morally twice per week in either group for 5 weeks. Tumors 
were examined twice weekly; the length, width, and thick-
ness were measured with calipers, and tumor volumes were 
calculated using the equation (Length × Width2)/2. 45 days 
after injection, the animals were euthanized, and the tumors 
were excised, weighed, paraffin-embedded, and subjected 
to staining assays.

Statistical analysis

Data are shown as mean ± SEM from at least three inde-
pendent experiments. Statistical analyses involved Student’s 
t test, one-way ANOVA, and Kaplan–Meier analysis with 
SPSS 22 (IBM Corp., Armonk, NY) or GraphPad Prism 
8.0.1 (GraphPad Software, Inc., La Jolla, CA). P < 0.05 was 
considered statistically significant.

Results

ZFAS1 expression correlates with PCa progression 
and is associated with poor clinical outcomes

It has been reported that ZFAS1 expression is upregulated 
in many cancers. We first measured ZFAS1 expression lev-
els using a cohort of clinical tissue specimens, including 
61 prostate tissues from 61 patients diagnosed with benign 
prostatic hyperplasia (BPH; BPH is a noncancerous increase 
in size of the prostate, and the enlarged prostate may cause 
frequent urination, trouble starting to urinate, weak stream, 
inability to urinate, or loss of bladder control) and 52 pairs of 
PCa tissues with relative nontumor prostate tissues from 52 
patients diagnosed with prostate cancer (Table 1). We found 
that ZFAS1 is significantly upregulated in PCa tissues com-
pared to either prostate tissues from BPH or paired benign 
tissues (Fig. 1a). Next, we stratified the PCa tissues into dif-
ferent groups based on the pathological tumor stage or Glea-
son score. Unsurprisingly, the expression of ZFAS1 is much 
higher in tumors with an advanced T stage (T stage > T2a) 
and a high Gleason score (> 7) compared to those with a low 
T stage and Gleason score (Fig. 1b, c). Then, we analyzed 
whether ZFAS1 expression is associated with the clinical 
outcome of prostate cancer patients using Kaplan–Meier 
analysis. We divided the patients into two groups based on 
ZFAS1 expression and found that high ZFAS1 expression is 
significantly associated with unfavorable clinical outcomes, 
biochemical recurrence, and metastases in PCa patients. 
These data analyzed from our clinical database revealed 
that ZFAS1 expression is associated with PCa progression 

and poor clinical outcomes (Fig. 1d, e). To further verify 
this finding, we analyzed ZFAS1 expression based on the 
TCGA database using UALCAN software [33]. The results 
were consistent with our finding that ZFAS1 is significantly 
upregulated in primary prostate tumors (n = 497) compared 
with normal prostate tissues (n = 52), and is correlated with 
the clinical progression and poor outcomes of PCa (Fig. 1f, 
g). Furthermore, ZFAS1 expression was also measured by 
an in situ hybridization (ISH) staining assay in 30 human 
prostate cancer specimens. The representative images of ISH 
staining and analysis of the ZFAS1-positive rate showed that 
ZFAS1 is overexpressed in prostate cancer tissues compared 
with benign prostate tissues (Fig. 1h, i).

The biological function of ZFAS1 in vitro

To test the biological function of ZFAS1 and further verify 
its role in PCa progression, we first explored whether its 
expression could be regulated by AR signaling. Two AR-
positive PCa cell lines, RV-1 and LNCaP, were treated with 
1 nM R1881, a commonly used AR signaling activator, or 
control vehicle for 24 h, followed by qRT-PCR analysis of 
ZFAS1 prostate-specific antigen (PSA). R1881 significantly 
upregulated PSA expression; however, no notable upregu-
lation of ZFAS1 was observed in the presence of R1881 
(Supplementary Fig. 1a). To further test the functional role 

Table 1  Associations between ZFAS1 and clinicopathological char-
acteristics of 52 PCa patients

*P < 0.05, **P < 0.01, by Chi-square test

Characteristics N ZFAS1 expression P

Low High

Total cases 52 26 26
Age (year)
 ≤ 70 32 17 15 0.5686
 > 70 20 9 11

Gleason score
 ≤ 7 35 23 12 0.0011**
 > 7 17 3 14

Serum PSA (ng/μl)
 ≤ 20 19 11 8 0.3876
 > 20 33 15 18

Tumor stage
 I–IIa 33 20 12 0.0226*
 IIb/IIc 19 6 14

Bone metastasis (24 month)
 Yes 29 10 19 0.012*
 No 23 16 7

Biochemical recurrence (24 month)
 Yes 19 5 14 0.0095**
 No 33 21 12
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of AR on ZFAS1, we next knocked down ZFAS1 in RV-1 
and LNCaP cells via lentivirus transduction, and R1881 or 
the control vehicle was added to the cells. The results sug-
gested that sh-ZFAS1 dramatically decreased the expression 
of ZFAS1 in the presence or absence of R1881, and ZFAS1 
expression could not be rescued by treatment with synthetic 
androgen R1881 (Supplementary Fig. 1b). Therefore, we 
confirmed that ZFAS1 is not a target of AR signaling. We 
then stably overexpressed ZFAS1 (Supplementary Fig. 1c) 
or knocked down ZFAS1 via lentivirus transduction (Supple-
mentary Fig. 1d) in two PCa cell lines, RV-1 and PC-3. By 
performing a cell proliferation assay using the Cell Counting 
Kit-8 (CCK-8), we found that ZFAS1 overexpression could 
significantly increase the proliferative capacity of PCa cells 
compared with parallel stable cell lines containing the empty 
vector pLVX-NC. In contrast, knockdown of ZFAS1 remark-
ably decreased the proliferation of PCa cells (Fig. 2a–d). To 
examine the effect of ZFAS1 on the cell invasion ability, we 
performed Transwell experiments. The results suggested that 
ZFAS1 overexpression significantly increased the invasion 
ability of PCa cells compared with pLVX-NC-transfected 
cells, and knockdown of ZFAS1 decreased the cell invasion 
ability compared with parallel stable cell lines transfected 
with scrambled shRNA (Fig. 2e, f).

Since ZFAS1 could increase cell invasion and since 
ZFAS1 has been reported to induce EMT in gastric cancer 
[21] and colorectal cancer [23], we further studied whether 
ZFAS1 induces EMT in PCa cells. First, we performed 
qRT-PCR to measure the mRNA levels of several EMT-
related markers, namely, E-cadherin, N-cadherin, Twist 1, 
zinc-finger E-box-binding homeobox (ZEB) 2, and matrix 

metallopeptidase (MMP) 9, in ZFAS1-overexpressing PCa 
cells. The results revealed that ZFAS1 overexpression 
increased the expression levels of N-cadherin, Twist 1, 
ZEB 2, and MMP 9, and decreased the expression level of 
E-cadherin compared with those in pLVX-NC-transfected 
cells. On the other hand, knockdown of ZFAS1 decreased 
the expression levels of N-cadherin, Twist 1, ZEB 2, and 
MMP 9, and increased the expression level of E-cadherin 
(Fig. 2g, h). We then performed western blot analysis to 
detect the protein levels of E-cadherin, N-cadherin, and 
Twist 1, and the results were consistent with the results from 
qRT-PCR (Fig. 2i). These data suggest that the overexpres-
sion of ZFAS1 induced EMT in PCa cells, thus promot-
ing cell invasion. Given the tumorigenic role of ZFAS1 in 
both AR-positive and AR-negative cells, we concluded that 
ZFAS1 drives the progression of prostate cancer in an AR-
independent manner, suggesting that ZFAS1 could act as a 
crucial regulator in CRPC.

Bioinformatic analysis of the involvement of ZFAS1 
in promoting PCa tumorigenesis

As lncRNAs have been known to function as ceRNAs to 
sponge endogenous miRNAs, we then focused on examining 
whether ZFAS1 exerts its oncogenic function by interacting 
with miRNAs. Using the bioinformatic prediction software 
LncBase v.2 [34] from the DIANA tool, we predicted 152 
miRNAs that may be targeted by ZFAS1 (Supplementary 
Table 1 and Supplementary Fig. 2a). Next, we performed 
pathway analysis using miRPath v.3 software [35] based on 
the predicted 152 miRNAs. In the top ten listed KEGG path-
ways in which these miRNAs might participate, we noticed 
that the prostate cancer pathway ranked fourth, and the 
Hippo signaling pathway ranked eighth. The Hippo signal-
ing pathway is a conserved regulator of organ size, and this 
kinase cascade starts from the tumor suppressor Hippo [36, 
37]. The oncoprotein YAP/TAZ is the downstream factor 
and major target of the Hippo kinase cascade. When acti-
vated, YAP/TAZ shuttles from the cytoplasm to the nucleus, 
interacts with transcriptional factors, primarily TEA domain 
(TEAD) family members, and triggers the activation of tar-
get genes, including the proto-oncogene c-Myc [36–38]. 
Therefore, YAP/TAZ is essential for cancer initiation and 
the growth of most solid tumors.

We then performed pathway intersection analysis based 
on miRNA participation in the prostate cancer signaling 
pathway (23 miRNAs) and Hippo signaling pathway (43 
miRNAs). The results revealed that nine miRNAs over-
lapped in both pathways (Supplementary Table 2, Supple-
mentary Figs. 2b, 3a). Next, we investigated whether ZFAS1 
mRNA could physically interact with the nine candidate 
miRNAs. We overexpressed ZFAS1 in RV-1 and PC-3 cells 
and then tested the expression of all nine candidates. Among 

Fig. 1  High expression level of ZFAS1 was associated with advanced 
tumor stages and poor prognosis in RCC patients. a Expression of 
ZFAS1 was detected in 61 benign prostate tissues (from 61 BPH 
patients) and 52 pairs of PCa tissues and the adjacent non-tumor-
ous tissues (from 52 PCa patients) by real-time PCR analysis. b, c 
Expression of ZFAS1 in PCa tissues was compared between groups 
divided with tumor stages (low: T1–T2a, n = 33; high T2b–T2c, 
n = 19) and Gleason scores (high: > 7, n = 17). The data statistical 
significance is assessed by Student’s t test. d, e Kaplan–Meier analy-
sis for the correlation between ZFAS1 expression level and BCR-
free survival/MET-free survival. Survival data were collected from 
40 patients with PCa staged from T2a to T2c. The patients were 
divided into low ZFAS1 expression group and high ZFAS1 expres-
sion group. The median expression level of ZFAS1 was used as the 
cut-off value. The data statistical significance is assessed by log-rank 
test. f ZFAS1 expression in normal prostate tissues and prostate can-
cer tumor tissues was compared based on TCGA_PRAD data set. g 
ZFAS1 expression levels were compared between normal prostate tis-
sues and prostate cancer tissues with different Gleason scores, based 
on TCGA_PRAD data set. (ANOVA) ZFAS1 expression levels were 
also detected in 30 prostate cancer tissues and 10 non-tumorous pros-
tate tissues by ISH assay. Representative images for ZFAS1 expressed 
in benign prostate tissue or PCa tissue were shown in h. The cell-pos-
itive rate was quantified and shown in i. Original magnification ×200. 
Scale bars = 50 μm. **p < 0.01, ****p < 0.0001
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them, in response to ZFAS1 overexpression, miR-181c-5p, 
miR-27a-3p, miR-15a-5p, miR-497-5p, and miR-16-5p 
were significantly downregulated in RV-1 cells (Fig. 3b), 
whereas miR-181a-5p, miR-27a-5p, miR-15a-5p, and 
miR-16-5p were dramatically downregulated in PC-3 cells 
(Fig. 3c). Then, we cloned the full length of the ZFAS1 
gene into the luciferase reporter construct psiCHECK-2 
(psiCHECK-ZFAS1) and co-transfected PCa cells with 
psiCHECK-ZFAS1 and the agomir of each of the above 
ZFAS1-downregulated miRNAs or the common scramble 
control. The results suggested that miR-27a-3p, miR-15a-5p, 

and miR-16-5p could decrease the expression of ZFAS1 
after the cells were transfected with the luciferase reporter 
gene (Fig. 3d, e). To further verify the interactions between 
the ZFAS1 gene and these miRNAs, we performed an RNA 
pull-down assay using a biotin-labeled ZFAS1 anti-sense 
probe. The results showed that miR-27a-3p/15a-5p/16-5p 
was enriched in the probe pull-down product (Fig. 3f), sug-
gesting that ZFAS1 may be able to bind to these miRNAs via 
its putative miRNA-response elements (MREs).

ZFAS1 possessed two predicted miR-27a-3p MREs and 
two predicted MREs for either miR-15a-5p or miR-16-5p 

Fig. 2  ZFAS1 induced cell proliferative and invasive capacities 
as well as EMT of PCa cells in  vitro. a, b Cell proliferation was 
assessed for 6  days using the Cell Counting Kit-8 assay in ZFAS1 
overexpressed or knocked down PCa cells. c, d Cell colony forma-
tion assay was also performed to determine the proliferation of PC-3 
and RV-1 cells. The number of colonies, defined as > 50 cells/colony, 
was counted for statistical analysis. e, f Transwell assay was used 
to evaluate the cell invasive capacity in ZFAS1 overexpressed or 
knocked down PCa cells, cells were counted in three random visual 
fields under the microscope, original magnification ×400. g, h mRNA 
expression levels of EMT-related markers were measured by real-

time PCR analysis in ZFAS1 overexpressed or knocked down PCa 
cells. β-actin was used as the internal control, the Ct values for each 
group were compared using the 2-ΔΔCt method. OE: overexpression, 
KD: knockdown. i The translational levels of EMT markers were 
assessed by western blot analysis; GAPDH was used as the internal 
control. The gels were run under the same experimental conditions. 
The band intensities were calculated by Image J 1.46r software, and 
the ratio of target gene against GAPDH was used to conduct the sta-
tistical analysis. *P < 0.05 and **P < 0.01, as determined by Student’s 
t test
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(Supplementary Fig. 3a). It is notable that miR-15a and 
miR-16 are located close to one another on chromosome 
13q14 and constitute clustered miRNAs [39]. In addi-
tion, they belong to the same miRNA family and function 
through the same seed sequence. We cloned the ZFAS1 
gene into the luciferase reporter construct (Supplementary 
Fig. 3b–d) and mutated these MREs based on the predicted 
positions (Supplementary Fig.  3e). In RV-1 cells, the 
relative luciferase activity was decreased after the over-
expression of miR-27a/15a/16, and the miRNA-mediated 

luciferase reduction was diminished after mutating the 
putative MREs (Fig. 3g–i). Next, we measured ZFAS1 
expression in miR-27a/15a/16-overexpressing or knock-
down PCa cells by qRT-PCR. The results suggested that 
the overexpression of either of the miRNAs could decrease 
the expression level of ZFAS1 (Supplementary Fig. 3f), 
and knockdown of either of the miRNAs could increase 
its expression (Supplementary Fig. 3g). Taken together, 
these data suggested that the ZFAS1 gene directly inter-
acted with the miR-27a/15a/16 gene via binding to the 
putative MREs.

Fig. 3  ZFAS1 interacts with and regulates multiple tumor suppressor 
miRNAs in PCa cells. a Pathway analysis was performed to detect 
the biological function of ZFAS1-targeted miRNAs. Nine candidate 
miRNAs were discovered to overlap in “Prostate cancer” and “Hippo 
signaling pathway”. b, c Expression levels of candidate miRNAs 
were measured in ZFAS1 overexpressed PCa cells by real-time PCR 
analysis. U6 snRNA was used as the control. d, e Luciferase activ-
ity in PCa cells co-transfected with luciferase reporter-containing 
ZFAS1 and agomir of indicated miRNAs. Data are presented as the 

relative ratio of renilla luciferase activity and firefly luciferase activ-
ity. f RNA pull-down assay was performed to assess the interaction 
between ZFAS1 and indicated miRNAs. The miR-27a/15a/16 was 
enriched in biotinylated ZFAS1 anti-sense oligo pull-down product. 
g, h, i Luciferase activity in RV-1 cells co-transfected with agomir of 
miR-27a/15a/16 and luciferase reporter-containing ZFAS1 with rela-
tively mutated MREs. The data statistical significance is assessed by 
Student’s t test. *P < 0.05, **P < 0.01
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ZFAS1 enhances c‑Myc expression by upregulating 
YAP1, TEAD1, and KDM3A gene expression 
via a regulatory network of ceRNAs

Given the function of ceRNAs in the prostate cancer cell 
line, we then aimed to determine how ZFAS1 promoted the 
oncogenesis of prostate cancer. To this end, we performed 
bioinformatic analysis to determine which downstream tar-
gets, especially the key oncogenes that may promote the 
progression of PCa, could be activated by ZFAS1-mediated 
miRNA evasion. We analyzed the possible common down-
stream target genes of miR-27a/15a/16 under the catego-
ries of the “prostate cancer pathway” and “Hippo signaling 
pathway” using the miRPath v.3 and TarBase v.8 bioinfor-
matic software from the DIANA tool, and the results were 
confirmed by TargetScan software [40] (Supplementary 
Table 2). There are 42, 28, and 27 target genes for miR-
27a-3p, miR-15-5p, and miR-16-5p, respectively, under the 
“Hippo signaling pathway”, and 29, 22, and 22 target genes 
for miR-27a-3p, miR-15-5p, and miR-16-5p, respectively, 
under the “prostate cancer pathway”. Among the predicted 
targets, we noted that Yes-associated protein 1 (YAP1) and 
TEAD domain transcription factor 1 (TEAD1) were com-
mon targets of all three miRNAs. YAP1 is a key effector and 
downstream target of the Hippo pathway. Moreover, YAP1 
has been shown to increase the transcription of c-Myc and 
promote proliferation and the stem-cell-like properties of 
cancer cells [38]. In addition, as a transcription coactivator, 
YAP1 cooperates with other transcription factors to promote 
the transcription of target genes [37]. The TEAD family is 
one of the partner transcription factors of YAP1 [41]. The 
TEAD family members contain a TEA domain for DNA 
binding and a transactivation domain for the interaction with 
transcription coactivators [37, 42]. TEAD1 cooperates with 

YAP1 and enhances its transcriptional activation for c-Myc 
[41, 43]. Therefore, TEAD1 and YAP1 were proposed to 
function as cooperators to promote the tumorigenesis of 
multiple cancers, including gastric cancer [44], breast cancer 
[45], and colorectal cancer [46].

Another target gene that drew our attention was lysine 
demethylase 3A (KDM3A), also known as Jumonji domain-
containing 1A (JMJD1A). KDM3A is a histone demethyl-
ase that removes the repressive H3K9 methylation marks 
(H3K9me1 or H3K9me2) to regulate gene expression [47]. 
KDM3A has been reported to play a key role in the prolif-
eration and survival of prostate cancer cells [32]. Mecha-
nistically, it interacts with AR to increase c-Myc expression 
levels. Knockdown of KDM3A leads to the downregulation 
of c-Myc. Taken together, we identified YAP1, TEAD1, and 
KDM3A as possible downstream oncogenes that can be acti-
vated by ZFAS1-mediated miRNA evasion. The predicted 
MREs in the 3′ UTR of these target genes are shown in 
Fig. 4a, b.

miR-27a, miR-15a, or miR-16 was overexpressed or 
knocked down by transfecting the tested cells with the ago-
mirs or antagomirs of the respective miRNAs (Supplemen-
tary Fig. 4a–c). The results showed that the overexpression 
of miR-27a suppressed the mRNA levels of KDM3A, YAP1 
and TEAD1 in RV-1 and PC-3 cell lines (Fig. 4c, d), and 
the overexpression of either miR-15a or miR-16 decreased 
the mRNA levels of YAP1 and TEAD1 in both cell lines 
(Fig. 4e, f). Western blot analysis further confirmed these 
results. The protein levels of YAP1 and TEAD1 were 
decreased in response to miR-27a/15a/16 overexpression, 
whereas the inhibition of miR-27a/15a/16 increased YAP1 
and TEAD1 protein expression in PCa cells; KDM3A was 
translationally upregulated by miR-27a overexpression in 
RV-1 cells, and the inhibition of miR-27a increased KDM3A 
protein expression in PC-3 cells (Fig. 4g). Since we have 
identified that YAP1, TEAD1, and KDM3A are down-
stream targets of miR-27a/15a/16 and that ZFAS1 sponges 
with miR-27a/15a/16 and antagonizes their expression, we 
next sought to determine whether ZFAS1 could regulate the 
expression of YAP1, TEAD1, and KDM3A. We tested the 
levels of the above miRNAs in ZFAS1-overexpressing or 
ZFAS1-knockdown PCa cells. As expected, miR-27a/15a/16 
was downregulated in response to ZFAS1 overexpression, 
and knockdown of ZFAS1 increased miR-27a/15a/16 
expression levels (Fig. 4h, i). In addition, the mRNA levels 
of YAP1, TEAD1, and KDM3A were measured in ZFAS1-
overexpressing or ZFAS1-knockdown cells, and the mRNA 
level of c-Myc was also examined. The results revealed 
that ZFAS1 overexpression significantly upregulated the 
mRNA levels of YAP1, TEAD1, KDM3A, and c-Myc, 
whereas ZFAS1 knockdown dramatically suppressed the 
expression of all four genes (Fig. 4j, k). YAP1, TEAD1, 
KDM3A, and c-Myc protein levels were assessed by western 

Fig. 4  ZFAS1-modulated ceRNA system regulates multiple onco-
genes in PCa cells. a Schematic diagram demonstrating the position 
of putative MREs for miR-27a/15a/16 on 3′UTR of YAP1, TEAD1, 
and KDM3A. b Sequence of MREs for miR-27a/15/16 on 3′UTR of 
YAP1, TEAD1, and KDM3A. c-f Real-time PCR analysis was per-
formed to assess the transcriptional levels of predicted target genes 
after overexpression of indicated miRNAs. g Translational levels of 
KDM3A, YAP1, and TEAD1 were measured in miRNAs overex-
pressed RV-1 cells and miRNAs knocked down PC-3 cells by western 
blot analysis. h–k Expression levels of miR-27a/15a/16 and predicted 
target genes were detected in ZFAS1 overexpressed or knocked down 
PCa cells by real-time PCR. l Protein expression levels of KDM3A, 
YAP1, TEAD1, and c-Myc were measured in ZFAS1 overexpressed 
or knocked down PCa cells. Transcriptional (m) and translational 
levels (n, o) of KDM3A, YAP1, TEAD1, and c-Myc were assessed 
in ZFAS1 overexpressed alone or ZFAS1 overexpressed with miR-
NAs restored RV-1 cells. The internal control genes were GAPDH 
for western blot analysis and β-actin/U6 snRNA for real-time PCR 
analysis. The gels were run under the same experimental conditions. 
The band intensities were calculated by Image J 1.46r software, and 
the ratio of target gene to GAPDH was used to conduct the statistical 
analysis. *P < 0.05 and **P < 0.01, as determined by Student’s t test
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blot analysis. The results are consistent with the above 
mRNA level measurements (Fig. 4l). To verify that ZFAS1 
regulated the expression of YAP1, TEAD1, KDM3A, and 
c-Myc via competitively binding to miR-27a/15a/16, we 
separately overexpressed miR-27a, miR-15a, and miR-16 
in ZFAS1-overexpressing RV-1 cells and then observed the 
expression of YAP1, TEAD1, KDM3A, and c-Myc. The 
results showed that the overexpression of either miR-27a, 
miR-15a, or miR-16 partially abolished the upregulation 
of YAP1, TEAD1, KDM3A, and c-Myc, whose expression 
was induced by ZFAS1 overexpression (Fig. 4n–p). Taken 
together, we confirmed that ZFAS1 regulated the expres-
sion of YAP1, TEAD1, KDM3A, and c-Myc via a ceRNA 
regulatory network.

High levels of KDM3A, YAP1, and TEAD1 are 
correlated with c‑Myc overexpression in human 
prostate cancer specimens

To examine the correlation between the expression levels 
of ZFAS1, KDM3A, YAP1, TEAD1, and c-Myc, ISH/IHC 
staining was performed in a subset of 30 human prostate can-
cer specimens with Gleason scores of 3–4 (Fig. 5a). Based 

on the respective staining intensities, we defined c-Myc sam-
ples as either c-Myc-low or -high. The staining intensities of 
ZFAS1, KDM3A, YAP1, and TEAD1 were likewise defined 
as either low or high. The analysis of ZFAS1, KDM3A, 
YAP1, TEAD1, and c-Myc staining levels (Fig. 5b) showed 
that c-Myc-high staining was positively correlated with a 
high expression of ZFAS1, KDM3A, YAP1, and TEAD1 
in the PCa tumor samples (p < 0.05, Fisher’s exact test). 
Furthermore, data from the TCGA prostate cancer data set 
confirmed our results. The data suggested that the mRNA 
expression levels of ZFAS1, KDM3A, YAP1, and TEAD1 
were positively correlated with c-Myc mRNA levels in 499 
prostate cancer samples (Supplementary Fig. 5a–d). These 
data suggest a potential association of these factors in human 
prostate tumors.

ZFAS1 drives the tumorigenesis of PCa cell lines 
through sponging miR‑27a/15a/16 in vitro

After identifying the miR-27a/15a/16 regulatory network 
through which ZFAS1 regulates c-Myc expression, we 
sought to determine whether ZFAS1 promoted the onco-
genesis phenotypes of PCa cells via the above regulatory 

Fig. 5  High levels of ZFAS1, KDM3A, YAP1, and TEAD1 are asso-
ciated with c-Myc overexpression in human prostate cancer speci-
mens. a Representative image showing c-Myc, KDM3A, YAP1, 
TEAD1, and ZFAS1 immunohistochemistry (IHC)/in situ hybridiza-
tion (ISH) staining of 30 human prostate cancer specimens. Stain-
ing was visualized by DAB with hematoxylin counterstaining. Scar 
bar = 50  μm. b Quantification of c-Myc, KDM3A, YAP1, TEAD1, 

and ZFAS1 staining in prostate cancer specimens. Staining inten-
sity of each protein/gene was scored as 0 to3 (0: no staining, 1: weak 
staining, 2: medium staining, and 3: strong staining. 0 and 1 were 
classified as low expression, whereas 2 and 3 were defined as high 
expression. High c-Myc expression was correlated with high expres-
sion of either KDM3A, YAP1, TEAD1, or ZFAS1 (p < 0.05, Fisher’s 
exact test)
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pathway. We first explored the roles of miR-27a/15a/16 in 
PCa cell proliferation. The colony formation assays showed 
that the overexpression of either miR-27a, miR-15a, or miR-
16 significantly decreased the proliferative capacity of PCa 
cells compared with control cell lines (Fig. 6a–d). Moreover, 

knockdown of miR-27a, miR-15a, or miR-16 remarkably 
increased the proliferation of PCa cells (Supplementary 
Fig. 6a–d). The results of the transwell assays suggested 
that the overexpression of either miR-27a, miR-15a, or 
miR-16 significantly decreased the invasion ability of PCa 

Fig. 6  Re-introduction of tumor suppressor miRNAs rescued the 
ZFAS1-enhanced tumor genetic phenotypes of PCa cells. Cell prolif-
eration was assessed in miR-27a/15a/16 overexpressed PCa cells by 
CCK-8 assay (a, b) and cell colony formation assay (c, d). e, f Cell 
invasive capacity was assessed by transwell assay in miR-27a/15a/16 
overexpressed PCa cells. Cell proliferation was measured in ZFAS1 
overexpressed alone or ZFAS1 overexpressed with miRNAs re-intro-
duced PCa cells by CCK-8 (g, h) and cell colony formation assay (i, 

j). k, l Cell invasive ability was assessed in ZFAS1 overexpressed 
alone or ZFAS1 overexpressed with miRNAs re-introduced PCa cells 
by transwell assay. For cell colony formation essay, the number of 
colonies, defined as > 50 cells/colony, was counted for statistical anal-
ysis. For transwell assay, cells were counted in three random visual 
fields under the microscope, original magnification × 400. *P < 0.05 
and **P < 0.01, as determined by Student’s t test
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cells (Fig. 6e, f), while the antagonization of either miR-
27a, miR-15a, or miR-16 increased cell invasion (Fig. 6e, 
f). Next, we overexpressed miR-27a, miR-15a, or miR-16 
in ZFAS1-overexpressing PCa cells and found that, com-
pared with ZFAS1 overexpression alone, the restoration of 
either miR-27a, miR-15a, or miR-16 partially diminished the 
enhanced proliferation and invasion of PCa cells (Fig. 6g–i). 
The above data suggested that ZFAS1 overexpression pro-
moted the proliferation and invasion capabilities of PCa cells 
by decreasing miR-27a/15a/16 levels in vitro.

ZFAS1 promotes in vivo tumor growth in a xenograft 
mouse model

To evaluate the biological function of ZFAS1 in vivo, RV-1 
cells were subcutaneously injected into nude mice. There 
were five groups in total: Group 1 (pLVX-NC + miR-NC) 
was injected with pLVX-NC-RV-1 cells followed by intratu-
moral injection of miR-NC; Group 2 (pLVX-ZFAS1 + miR-
NC) was injected with pLVX-ZFAS1-RV-1 cells followed 
by intratumoral injection of miR-NC; Group 3 (pLVX-
ZFAS1 + miR-27a) was injected with pLVX-ZFAS1-RV-1 
cells followed by intratumoral injection of the agomir of 
miR-27a; Group 4 (pLVX-ZFAS1 + miR-15a) was injected 
with pLVX-ZFAS1-RV-1 cells followed by intratumoral 
injection of the agomir of miR-15a; and Group 5 (pLVX-
ZFAS1 + miR-16) was injected with pLVX-ZFAS1-RV-1 
cells followed by intratumoral injection of the agomir of 
miR-16. We found that the tumor lumps in the ZFAS1-
overexpressing group were significantly larger and heavier 
than those in the control group, and that miR-27a, miR-15a, 
and miR-16 could partially reduce the tumor growth caused 
by ZFAS1 overexpression. Forty-five days after injection, 
the mice were sacrificed, and the volume and weight of 
the tumor lumps in each group were measured (Fig. 7a–c). 
The tumors were then subjected to RNA/protein extraction 
or staining assays. In each group, ZFAS1 expression was 
measured by qRT-PCR or ISH staining, and c-Myc expres-
sion was measured by western blot analysis or IHC stain-
ing. Expression of E-cadherin, N-cadherin, and Twist1 was 
measured by western blot analysis, as well. The results sug-
gested that the expression of ZFAS1, c-Myc and the EMT-
related proteins was significantly elevated in response to 
ZFAS1 overexpression. Moreover, the re-overexpression 
of either miR-27a, miR-15a, or miR-16 partially rescued 
expression of c-Myc and the EMT-related proteins in Groups 
3–5 (Fig. 7d–f, representative images of IHC/ISH staining 
are shown in Supplementary Fig. 7). These results demon-
strated that ZFAS1 overexpression promoted c-Myc expres-
sion as well as in vivo tumor growth and that the reintroduc-
tion of miR-27a, miR-15a or miR-16 partially rescued tumor 
growth and c-Myc expression.

To further examine the effect of ZFAS1 on tumor metas-
tasis in vivo, we injected the control or ZFAS1-overex-
pressed RV-1 cells into the tested mice via the tail vein. 
The mice were sacrificed 50 days after injection, and lung 
metastatic lesions could be observed on the surface of the 
lungs. However, no significant difference was found in the 
number of lung metastatic nodules between the two groups 
(Supplementary Fig. 8). This result may suggest that ZFAS1 
promotes PCa progression mainly by stimulating the tumor 
growth.

Discussion

The c-Myc oncogene contributes to the oncogenesis of 
many human cancers, including prostate cancer [25]. 
c-Myc mRNA and protein levels are upregulated in prostate 
cancer [48, 49], and c-Myc overexpression promotes the 
development and progression of prostate cancer [50–52]. 
For example, the prostate-specific overexpression of c-Myc 
alone promotes tumor development in mouse prostates [28] 
and combining c-Myc activation with Pten loss induces the 
development of genomic instability and the metastatic poten-
tial of PCa [29]. c-Myc is widely accepted as a central driver 
of tumorigenesis in PCa. Nonetheless, the mechanisms 
underlying the regulation of c-Myc by the ncRNA-medi-
ated network remain elusive. Our study reveals that c-Myc 
is under the control of ZFAS1, a novel lncRNA-induced 
ceRNA network. ZFAS1 promotes c-Myc expression by 
antagonizing miR-27a, miR-15a, and miR-16, and dimin-
ishing their epigenetic silencing effects on the KDM3A and 
YAP1–TEAD1 complex. Furthermore, the assessment of 
ZFAS1 in a cohort of clinical samples supports that ZFAS1 
expression is elevated in PCa tissues and is correlated with 
poor clinical outcomes and that high ZFAS1 expression is 
positively correlated with high c-Myc expression.

Long noncoding RNAs are emerging as important 
regulators of gene expression. They function by modu-
lating transcriptional or posttranscriptional expression, 
such as influencing histone modifications and controlling 
mRNA stability and translation. It has been identified that 
lncRNA could act as a component of the transcriptional 
network of MYC. For example, a novel lncRNA, termed 
c-Myc-inhibitory factor (lncRNA-MIF, RP11-320M2.1), 
reportedly decreases c-Myc expression by sponging 
miR-586 and increasing Fbxw7 expression, thereby 
inhibiting cell proliferation and cell cycle progression 
[53]. Another novel lncRNA termed c-Myc upregulated 
lncRNA (MYU, LOC100128881) has been recently dis-
covered to be a direct target of c-Myc and plays a critical 
role in the c-Myc-dependent proliferation of colon can-
cer cells [54]. ZFAS1 was recently identified as a vital 
oncogenic lncRNA in multiple cancer types. Inconsistent 
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with its tumor-suppressing role in breast cancer, ZFAS1 
expression is frequently upregulated in a wide variety of 
human cancers, such as colorectal, gastric, ovarian, and 
liver cancers. In addition, the upregulation of ZFAS1 is 
commonly associated with advanced TNM stages, lymph-
node metastasis, and poor clinical outcomes [20–23]. 
Nonetheless, the biological functions of ZFAS1 in pros-
tate cancer have not been characterized. By analyzing the 

prostate cancer data set from TCGA, Chen [55] reported 
that ZFAS1 is upregulated in prostate cancer, and a high 
level of ZFAS1 indicates a worse survival possibility of 
PCa patients. He also suggested that ZFAS1 is targeted by 
miR-940 via NAA10 and RPL28, and the co-expression 
network could drive the progression of PCa. Our study 
further confirmed that ZFAS1 is upregulated in PCa tis-
sues, and the analysis based on ZFAS1 expression as well 

Fig. 7  ZFAS1 overexpression promoted xenograft tumor growth 
in  vivo. a In  vivo tumor lumps of xenograft mouse models com-
posed of pLVX-NC-RV-1 cells or pLVX-ZFAS1-RV-1 cells, 1 week 
after inoculation, the negative control (miR-NC) or agomir of miR-
27a/15a/16 was intratumorally injected twice per week. 45th day 
after injection, tested mice were sacrificed and each tumor lump was 
removed from the body, and images were captured (the tested mice 
were divided as: 1, injected with pLVX-NC-RV-1 cells followed with 
intratumor injection of miR-NC; 2, injected with pLVX-ZFAS1-
RV-1 cells followed with intratumor injection of miR-NC; 3, injected 
with pLVX-ZFAS1-RV-1 cells followed with intratumor injection 
of miR-27a agomir; 4, injected with pLVX-ZFAS1-RV-1 cells fol-
lowed with intratumor injection of miR-15a agomir; 5, injected with 

pLVX-ZFAS1-RV-1 cells followed with intratumor injection of miR-
16 agomir). b The tumor growth curves for in vivo tumor volumes. 
Data are shown as mean ± SD of the tumor volumes, n = 5, *P < 0.05 
and **P < 0.01 (ANOVA). c The mean tumor weight of each group. 
Data are shown as mean ± SD of the tumor weights, n = 5. *P < 0.05, 
**P < 0.01 (ANOVA). d Expression of ZFAS1 was measured in 
tumor extracts by qRT-PCR analysis. e Protein expression of c-Myc, 
E-cad, N-cad, and Twist1 was detected in tumor extracts by west-
ern blot analysis (n = 5). Tumor lumps were also subjected to stain-
ing assay, and expression of ZFAS1/c-Myc was detected in tumor 
samples by ISH/IHC staining. The cell-positive rates of ZFAS1 and 
c-Myc in different groups were quantified and demonstrated in f. 
*P < 0.05 and **P < 0.01 (Student’s t test)
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as the clinicopathological features of the patients from 
our clinical data suggest that ZFAS1 may serve as a bio-
marker for the prediction of the clinical outcomes of PCa 
patients. Androgen and androgen receptors are the central 
drivers for the initiation and progression of prostate can-
cer. To clarify whether ZFAS1 is a downstream factor of 
androgen signaling, we performed androgen stimulation in 
two AR-positive PCa cell lines, RV-1 and LNCaP. How-
ever, no positive results were observed. This suggests that 
ZFAS1 drives the carcinogenesis of prostate cancer in an 
androgen-independent manner.

Using bioinformatic analysis, we identified nine miR-
NAs that could potentially interact with ZFAS1 and facili-
tate PCa progression. Subsequent expression profiling con-
firmed that miR-27a-3p, miR-15a-5p, and miR-16-5p are 
putative targets of ZFAS1. MicroRNAs are well known to 
have tumor-suppressing functions and are dysregulated in 
cancers. In particular, miRNAs encoded by the miR-15a/16 
cluster have been demonstrated to be tumor suppressors, 
and the expression of these genes inhibits cell prolifera-
tion promotes the apoptosis of cancer cells and suppresses 
tumorigenicity both in vitro and in vivo [39, 56]. miR-15a 
and miR-16 form an miRNA cluster at the chromosomal 
region 13q14, which is frequently deleted in cancer cells 
[39]. miR-15a and miR-16 function as putative tumor sup-
pressors by targeting a variety of oncogenes, such as BCL2, 
CCND1, CCNE1, and CDK4-6 [39, 56, 57]. In prostate can-
cer, the loss of miR-15a and miR-16, together with increased 
miR-21 expression, activates TGF-β signaling and promotes 
the spread of prostate cancer and bone lesions [57]. This 

evidence supports our findings that ZFAS1 promotes the 
progression of PCa through sponging and decreasing the 
expression of tumor suppressor genes, miR-15a and miR-16. 
In addition, we revealed a novel mechanism through which 
miR-15a and miR-16 enhance the proliferation and invasion 
capacities of PCa cells and in vivo xenograft tumor growth. 
We proposed that the YAP1–TEAD1 complex serves as a 
downstream effector of the ZFAS1-miR-15a/miR-16 regula-
tory network, which regulates c-Myc activation in prostate 
cancer. Notably, it has been reported that the expression of 
miR-15a and miR-16 is repressed by c-Myc and is associ-
ated with tumorigenesis [58, 59]. Therefore, we proposed 
that ZFAS1-mediated miR-15a and miR-16 downregulation 
induces c-Myc activation, which would further enhance the 
c-Myc-induced repression of miR-15a and miR-16.

miR-27a is located on chromosome 19, and has been 
shown to play important roles in multiple tumor types, 
such as breast cancer, colorectal cancer, and cervical cancer 
[60–62]. However, whether miR-27a acts as a tumor suppres-
sor or an oncogene in prostate cancer remains controversial. 
Fletcher et al. reported that the overexpression of miR-27a 
increases the expression of AR-targeted genes and promotes 
prostate cancer cell growth by directly regulating prohibitin 
(PHB) expression [63]. In contrast, another study revealed 
that miR-27a functions as a tumor suppressor by repressing 
MAP2K4, and inhibits the proliferation and migration of 
PCa cells [64]. Despite these contradictory findings, miR-
27a has been identified as an AR target gene and participates 
in AR signaling [64, 65]. Our data suggested that the overex-
pression of miR-27a-3p globally inhibited the proliferative 

Fig. 8  Mechanistic diagram 
illustrates the function of 
lnc-ZFAS1 in PCa. ZFAS1 
enhances c-Myc expression by 
upregulating KDM3A, YAP1, 
and TEAD1 expression via 
competitively sponging and 
inhibiting miR-27a/15a/16 
expression, thereby promotes 
PCa progression
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and invasive capacities of PCa cells. Furthermore, we dis-
covered that KDM3A, YAP1, and TEAD1, which act as 
oncogenes by inducing the expression of c-Myc, are putative 
target genes of miR-27a-3p. In addition, we demonstrated 
that the overexpression of miR-27a could partially dimin-
ish the ZFAS1-enhanced tumorigenic phenotypes of PCa. 
Collectively, our results suggest that miR-27a is a tumor 
suppressor in PCa and acts as a key mediator in the network 
of ZFAS1-induced c-Myc activation.

In summary, ZFAS1 overexpression in prostate cancer 
promoted cell proliferation and invasion as well as xeno-
graft tumor growth, suggesting a critical tumorigenic role of 
ZFAS1 in PCa and even in CRPC. Mechanistically, ZFAS1 
binds to miR-27a, miR-15a, and miR-16, and antagonizes 
their expression. miR-27a, miR-15a, and miR-16 serve as 
tumor suppressors in PCa, and their loss enhances tumor cell 
proliferation and invasion. More importantly, miR-27a, miR-
15a, and miR-16 are key downstream effectors of ZFAS1. 
Their downregulation by ZFAS1 increases the expression 
of KDM3A, YAP1, and TEAD1, which are strong c-Myc 
inducers in PCa (Fig. 8). Therefore, we demonstrated an 
androgen-independent regulatory role of ZFAS1 for c-Myc 
expression in prostate cancer, indicating that ZFAS1 can be 
a potential biomarker and therapeutic target in CRPC.
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