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Abstract
Long non-coding RNAs (lncRNAs) are a novel class of regulators in multiple cancer 
biological processes. However, the functions of lncRNAs in pancreatic ductal adeno-
carcinoma (PDAC) remain largely unknown. In this study, we identified PWAR6 as a 
frequently down-regulated lncRNA in PDAC samples as well as a panel of pancreatic 
cancer cell lines. Down-regulated PWAR6 was associated with multiple clinical out-
comes, including advanced tumour stage, distant metastasis, and overall survival of 
PDAC patients. In our cell-based assays, ectopic expression of PWAR6 dramatically 
repressed PDAC cells proliferation, invasion and migration, accelerated apoptosis, 
and induced cell cycle arrest at G0/G1 phase. In contrast, depletion of PWAR6 me-
diated by siRNA exhibited opposite effects on PDAC cell behaviours. In vivo study 
further validated the anti-tumour role of PWAR6 in PDAC. By taking advantage of 
available online sources, we also identified YAP1 as a potential PWAR6 target gene. 
Negative correlation between YAP1 and PWAR6 expressions were observed in both 
online database and our PDAC samples. Notably, rescue experiments further indi-
cated that YAP1 is an important downstream effector involved in PWAR6-mediated 
functions. Mechanistically, PWAR6 could bind to methyltransferase EZH2, a core 
component of Polycomb Repressive Complex 2 (PRC2) in regulating gene expression, 
and scaffold EZH2 to the promoter region of YAP1, resulting in epigenetic repression 
of YAP1. In conclusion, our data manifest the vital roles of PWAR6 in PDAC tumo-
rigenesis and underscore the potential of PWAR6 as a promising target for PDAC 
diagnosis and therapy.
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1  | INTRODUC TION

Pancreatic ductal adenocarcinoma (PDAC), a highly aggressive 
malignancy with limited efficacy of available therapies, accounts 
for the fourth leading cause of cancer-related death worldwide.1,2 
Due to the lack of early diagnosis and its rapid progression, the 5-
year survival rate in PDAC is about 6%.1 Given the fact that PDAC 
is resistant to most therapies currently used in clinic, there is a 
strong demand to identify novel targets for development of new 
treatment options that could potentially improve clinical outcomes 
for PDAC patients.3 However, the complexity of its pathogenic le-
sions makes the study of the molecular mechanisms underlying 
PDAC very challenging.

Long non-coding RNAs (lncRNAs) are a subclass of non-coding 
transcripts with a length >200 nucleotides.4 While previously 
considered as noises of genetic materials, lncRNAs have now 
been greatly appreciated for its involvement in various biological 
processes, including transcriptional regulation, RNA processing, 
translational control, epigenetic modification, and posttransla-
tional modification.5-7 In human cancers, especially in pancreatic 
cancer, aberrant lncRNA expression in PDAC indicates its vital 
roles in tumorigenesis.8 Indeed, various lncRNAs have been re-
ported to participate in the development, progression, metas-
tasis, and chemotherapy-resistance of pancreatic cancer.9-11 For 
example, elevated expression of lncRNA-BX111 in pancreatic 
cancer tissues is associated with shorter overall survival time 
of patients. By activating the transcription of ZEB1 through re-
cruiting transcriptional factor Y-box protein (YB1) to its promoter 
region, lncRNA-BX111 promotes the epithelia-mesenchymal tran-
sition (EMT) in pancreatic cancer cells.9 Research from Li et al10 
suggested that lncRNA NORAD acts as a ceRNA to regulate the 
expression of the small GTP binding protein RhoA through com-
petition for hsa-miR-125a-3p, and thus promotes progression of 
pancreatic tumour. In addition, some tumour-specific expressing 
lncRNAs are ideal and excellent targets for designing the novel 
therapeutic strategies against human malignancies12

In the present study, we investigated the clinical significance 
and biological functions of a poorly understood lncRNA in PDAC. 
Prader Willi/Angelman Region RNA 6 (PWAR6) is a 4618-bp non-
conserved lncRNA located on chromosome 15 in humans and 
contains one exon. The non-coding nature of lncRNA PWAR6 
was confirmed by coding-potential analysis (Figure S1). PWAR6 
was identified as a protective lncRNA in glioma as it exhibits 
grade-specific dynamic expression and regulates hallmark-related 
genes,13 but its characteristic in PDAC remains largely elusive. 
Here, we assessed the expression patterns of PWAR6 in PDAC tis-
sues and cell lines as well as its correlations with clinical outcomes 
in PDAC. In addition, we determined the biological functions of 
PWAR6 in PDAC via conducting a series of cell-based experi-
ments. Finally, we explored the molecular mechanism of PWAR6 
in PDAC cell proliferation and metastasis, providing novel insight 
in determining PWAR6 as a potential therapeutic and prognostic 
target in PDAC.

2  | MATERIAL S AND METHODS

2.1 | Clinical samples

Primary pancreatic ductal adenocarcinoma tissues and their paired 
adjacent benign pancreatic tissues were obtained from 63 patients 
who underwent surgery resection at the First Affiliated Hospital 
of Nanchang University (Nanchang, Jiangxi, PR China). All speci-
mens were immediately frozen in liquid nitrogen after surgery 
and stored at –80°C for future use. This study was approved by 
the Ethics Committee of the First affiliated hospital of Nanchang 
University. Written informed consent was obtained from all pa-
tients. Clinicopathological characteristics of all patients were shown 
in Table 1.

2.2 | Cell culture

Human pancreatic ductal adenocarcinoma cell lines (Capan-1, 
AsPC-1, SW1990, BxPC-3, PANC-1) and one human pancreatic duct 

TA B L E  1   Relationship between PWAR6 expression and 
clinicopathological variables (n = 63)

Variables Number

PWAR6 expression

P value
High 
(n = 32)

Low 
(n = 31)

Gender

Male 35 16 19 0.367

Female 28 16 12

Agea 

>64 33 20 13 0.102

<64 30 12 18

Node metastasis

Yes 44 19 25 0.066

No 19 13 6

Distant metastasis

Yes 29 8 21 0.001

No 34 24 10

Tumour size

<2 cm 31 18 13 0.256

>2 cm 32 14 18

Differentiation

Low/
undifferentiated

37 15 22 0.052

High/moderate 26 17 9

TNM stage

I/II 33 21 12 0.032

III/IV 30 11 19

aAge = mean age.
A P value < 0.05 was considered statistically significant. The values less 
than 0.05 were bolded.
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epithelial cell line (HPDE6-C7) were obtained from the Cell Bank 
of the Chinese Science Academy (Shanghai, China). HPDE6-C7 
cells were cultured in keratinocyte serum-free medium (Thermo 
Fisher Scientific). BxPC-3 cells were maintained in RPMI-1640 
medium (Hyclone). Capan-1, AsPC-1, SW1990 and PANC-1 were 
cultured in Dulbecco's modified Eagle's medium (Hyclone). Both 
DMEM and RPMI1640 were supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific), 100 U/mL streptomycin and 100 U/mL 
penicillin. All cells were cultured at 37°C in a humidified atmos-
phere with 5% CO2.

2.3 | Cell transfection

Scramble siRNA, siRNAs for PWAR6 and expression vectors 
for YAP1 were synthesized and obtained from Genepharma. 
The siRNAs and plasmid were transfected into PDAC cells using 
Lipofectamine2000 (Invitrogen) according to the manufacturer's 
protocols. 48  hours after transfections, cells were harvested for 
qRT-PCR or western blot analysis. The sequences for siRNAs are 
as follows: YAP1 siRNA, 5′-CUGCCACCAAGCUAGAUAATT-3′. 
PWAR6 siRNA#1, 5′-GGAAAUUCCUUUCCUCCAATTUUGGAGG
AAAGGAAUUUCCTT-3′; PWAR6 siRNA#2, 5′-GGAGUUACCUCC
AUGUGAATTUUCACAUGGAGGUAACUCCTT-3′; scramble siRNA, 
5′-UUCUCCGAACGUGUCACGUTT-3′.

2.4 | Cell proliferation analysis

Cell viability was determined by using CCK-8 kit (Dojindo 
Molecular Technologies) as per the manufacturer's instruction. 
For colony formation assay, the transfected cells were seeded 
into 6-well plates and maintained in proper medium containing 
10% FBS for 10  days. Colonies were then fixed with methanol 
and stained with 0.1% crystal violet (Sigma-Aldrich) in PBS for 
15 minutes. Only colonies that reached more than 50 cells were 
counted. BrdU experiment was performed by using a BrdU Cell 
Proliferation Assay Kit (Millipore) according to the manufacturer's 
instructions. The experiments were performed in triplicate and re-
peated at least three times.

2.5 | Flow cytometry analysis

For cell cycle distribution analysis, transfected cells were collected 
and fixed with 70% ethanol at 4°C overnight. The cells were then 
resuspended in cold PBS and incubated with 200 μg/mL of RNase 
at 37°C for 30  minutes, followed by labelling with 50  μg/mL pro-
pidium iodide (PI) (BD Biosciences) and flow cytometry analysis. The 
percentages of cells in G0-G1, S, and G2-M phases were counted 
and compared. For cell apoptosis assay, cells were dual stained with 
2.5  μg/mL of Annexin V and 50  μg/mL of PI (BD Biosciences) for 
15  minutes at room temperature in the dark. Cells were analysed 

using a BD FACSCanto II system (BD Biosciences). The experiments 
were performed in triplicate and repeated at least three times.

2.6 | Cell invasion and migration assay

Transfected cells were plated onto the upper insertion chamber 
(Millipore), that was either coated (to assess invasion) or non-coated 
(to assess migration) with 100  µL matrigel (BD Biosciences), in 
serum-free media. While the lower chamber was supplemented with 
culture medium containing 10% FBS. After 24 hours incubation, the 
cells remaining on the upper membrane were removed with cotton 
wool. Cells on the bottom of the filter were fixed with methanol, 
stained with 0.1% crystal violet, imaged and counted using an IX71 
inverted microscope (Olympus). The experiments were performed in 
triplicate and repeated at least three times.

2.7 | Mouse xenograft experiments

The animal protocol of this study was approved by the Institutional 
Animal Care and Use Committee (IACUC) of The First Affiliated 
Hospital to Nanchang University (Nanchang, China). Seven-week-old 
female NOD/SCID mice were randomized into two groups (five mice 
in each). To assess the effect of sh-PWAR6 on PDAC tumorigenesis, 
5  ×  106 BxPC-3 cells infected with sh-LINC01133 or sh-scramble 
were injected into the right flanks of NOD/SCID mice. Four weeks 
later, the mice were sacrificed and the tumours were harvested and 
weighed.

2.8 | Western blot

Briefly, cell lysates were prepared in RIPA buffer, separated by 8% 
SDS-PAGE and then transferred to PVDF membranes (Millipore). 
Membrane was blocked with 5% non-fat milk in TBS at 4°C overnight 
and then incubated with specific antibodies at room temperature for 
1 hour, followed by incubation with HRP-conjugated secondary anti-
body at room temperature for another 1 hour. The bands were visual-
ized using electrochemiluminescent (ECL) detection system (Thermo 
Fisher Scientific). Anti-EZH2 and anti-GAPDH antibodies were 
purchased from Abcam, anti-YAP1, anti-caspase-3, anti-BAX and 
anti-Bcl-2 antibodies were obtained from Cell Signaling Technology 
(Massachusetts).

2.9 | Quantitative reverse transcription PCR

Total RNA from tissues or cell lines were extracted by using Trizol 
reagent (Invitrogen) according to the manufacturer's instruc-
tions. RNA was then reverse-transcribed to cDNA using an miS-
cript SYBR Green PCR kit (Invitrogen). SYBR Green PCR Master 
Mix (Applied Biosystems) was used to quantify the mRNA levels 
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of target genes. qRT-PCR was performed on an ABI7500 system 
(Applied Biosystems) and the conditions were as follows: an ini-
tial temperature of 95°C for 2  min and 40 cycles of 95°C for 
10  seconds, 60°C for 10  seconds, and 72°C for 40  seconds. The 
primer sequences were PWAR6, 5 -́CTGTGCCGTTTGGCATA​
AGA-3ʹ (forward) and 5 -́TCACCACCTCACAGATCACC-3ʹ (re-
verse). U6, 5 -́GC​TT CGGCAGCAGCACATATACTAA​A​AT-
3ʹ (forward) and 5 -́CGCTT CACGAATTTGCGTGTCAT-3ʹ 
(reverse). YAP1: 5′-CAGGAGCCCTGACTCCA​CAG-3′ (for-
ward) and 5′-TTG​CCATCTCCCAACCTGCT-3′ (reverse); 
GAPDH: 5′-CAG​GGCTGCTTTTAACTCTGGT-3′ (forward) and 
5′-GATTTTGGAGGGATCTCGCT-3′ (reverse). The relative mRNA 
expression levels were calculated using the 2−ΔΔCT method.

2.10 | Subcellular fractionation

The Cytoplasmic and Nuclear RNA Purification Kit (Norgen) was 
used to separate the nuclear and cytoplasmic fractions according to 
the manufacturer's instructions.

2.11 | RNA immunoprecipitation

RNA immunoprecipitation (RIP) experiments were performed 
using a Magna RIP RNA-Binding Protein Immunoprecipitation Kit 
(Millipore), according to the manufacturer's instructions. Antibodies 
for RIP assays of EZH2 and SUZ12 were from Abcam. IgG was used 
as a negative control and obtained from Santa Cruz Biotechnology.

2.12 | RNA pull-down assay

Biotin-labelled PWAR6 was obtained by T7 RNA polymerase 
(Promega) and biotin RNA tagged mixtures (Roche). Cell lysates were 
prepared in RIP buffer and then mixed with biotin-labelled PWAR6 
RNAs. After incubation at 4°C for 1  hour, the streptavidin-coated 
beads (Thermo Fisher Scientific) were added in the reaction. The 
precipitated proteins were separated by SDS-PAGE and detected by 
western blot analysis.

2.13 | Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was carried out using the EZ ChIP™ Chromatin 
Immunoprecipitation Kit (Millipore) according to the manufac-
turer's instructions. Briefly, post transfected cells were subjected 
to chromatin cross-linking, sonication and then immunoprecipita-
tion of DNA-protein complex using anti-EZH2 (Abcam) or anti-
H3K27me3 (Millipore) antibody according to the kit's protocol. 
Standard qRT-PCR was performed to quantify the immunoprecipi-
tated DNA.

2.14 | Statistical analysis

Statistical analysis was performed using SPSS 22.0. The relation-
ship between the expression level of PWAR6 and clinicopathologi-
cal characteristics of PDAC patients was analysed by chi-square 
test. OS rates were calculated by Kaplan-Meier method and com-
pared using the log-rank test. Pearson correlation analysis was 
applied to assess the correlation between PWAR6 and YAP1. 
Student's t test or one-way ANOVA analysis was used for calculat-
ing intergroup differences. A P value <0.05 was considered statis-
tically significant.

3  | RESULTS

3.1 | LncRNA PWAR6 is down-regulated in human 
PDAC and correlates with poor prognosis

The mRNA expression level of PWAR6 was evaluated in 63 PDAC 
samples and their paired benign pancreatic tissues by qRT-PCR. As 
shown in Figure  1A, down-regulation of PWAR6 expression was 
clearly observed in 82.5% (52 of 63 paired) PDAC as compared with 
benign tissues. This down-regulation was further supported by 
the finding that the mRNA expression levels of PWAR6 in 5 PDAC 
cell lines (Capan-1, AsPC-1, SW1990, BxPC-1, and PANC-1) were 
all significantly lower than that in normal human pancreatic ductal 
epithelial cell line HPDE6 (Figure 1B). Next, we further explored the 
correlation between PWAR6 expression and clinical characteristics 
of patients with PDAC. We found that patients with advanced tu-
mour stage and distant metastasis tend to have lower PWAR6 ex-
pression than patients with early tumour stage and without distant 
metastasis (0.3183 ± 0.19983 versus 0.33 ± 0.19284, P = 0.0035 
and 0.3253 ± 0.19155 versus 0.4585 ± 0.20593, P = 0.0105), respec-
tively (Figure  1C,D). We then divided PDAC samples into PWAR6 
high group (n = 32) and PWAR6 low group (n = 31) based on the 
median expression level of PWAR6 for Chi-square test to evaluate 
clinic-parameters between the two groups. The expression level of 
PWAR6 was significantly associated with tumour stage (P = 0.032) 
and distant metastasis status (P = 0.001). Other clinic factors such as 
patients’ gender and age, node metastasis, tumour size, or histologi-
cal grade weren't associated with PWAR6 expression in this study 
(Table  1). We next analysed the prognostic role of PWAR6 in the 
same cohort of PDAC patients. Kaplan-Meier and log-rank test were 
used to evaluate the expression of PWAR6 on the clinic outcome of 
PDAC patients. Patients with higher PWAR6 expression manifested 
longer overall survival than patients with lower PWAR6 expres-
sion (7.1438 ± 2.70896 months versus 4.7645 ± 2.07839 months, 
P  =  0.001) (Figure  1E). In addition, the data retrieved from KM-
Plotter database (http://kmplot.com/analy​sis/) further confirmed 
the prognostic role of PWAR6 in PDAC patients (Figure 1F). Taken 
together, these results suggest that PWAR6 is frequently down-
regulated in PDAC and associated with advanced tumour stage, 

http://kmplot.com/analysis/
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distant metastasis status and poor prognosis, indicating its potential 
tumour suppressor role in PDAC.

3.2 | LncRNA PWAR6 regulates PDAC cell 
progression both in vitro and in vivo

To investigate whether PWAR6 is involved in the tumorigenesis of 
PDAC, the plasmid-mediated overexpression and siRNA-mediated 
knockdown were applied to manipulate the expression of PWAR6 
in PDAC cell lines. According to the basal PWAR6 expression level 
in different PDAC cells, we then selected PDAC ASPC-1 cells with 
relatively low PWAR6 expression for overexpression of PWAR6 and 
BxPC-3 cells with relatively high PWAR6 expression to knockdown 
of PWAR6 expression (Figure  2A). The results from CCK-8 assay 
revealed that overexpression of PWAR6 dramatically decreased 
cell viability of AsPC-1 cells as compared to vector control. In con-
trast, knockdown of PWAR6 by two sets of siRNAs increased the 
viability of BxPC-3 cells (Figure  2B). Consistently, BrdU assay and 
colony formation assay showed that ectopic expression of PWAR6 
significantly repressed the proliferation rate and the clonogenic 
survival of AsPC-1 cells, while PWAR6 knockdown clearly showed 

opposite effects on BxPC-3 cells, as presented in Figure 2C,D. We 
also checked the levels of cell proliferation markers (PCNA and 
cyclin D1) and invasion markers (E-cadherin and Vimentin) by per-
forming western blot assay. PWAR6-overexpressing ASPC-1 cells 
showed a higher expression level of E-cadherin, but a lower expres-
sion level of vimentin, PCNA and cyclin D1 than control cells. In con-
trast, knockdown of PWAR6 expression had the opposite results in 
BxPC-3 cells (Figure 2E). In line with these observations, our tran-
swell invasion and migration assays showed that overexpression of 
PWAR6 inhibited the ability of AsPC-1 cell to invasion and migration, 
while knockdown of PWAR6 promoted BxPC-3 cell invasion and 
migration when compared with control cells (Figure 2F,G). In order 
to investigate the role of PWAR6 on PDAC tumorigenesis in vivo, 
BxPC-3 cells transferred sh-PWAR6 or sh-Scramble were injected 
into NOD/SCID mice, and monitored tumour size for 28 days. As il-
lustrated in Figure 2H, PWAR6 knockdown markedly promoted the 
growth of xenograft tumours, suggesting that PWAR6 might possess 
a tumour suppressor role in PDAC. In addition, we performed WB 
analysis using the xenograft tumours, and found that the protein lev-
els of YAP1 were up-regulated in shPWAR6 group (Figure 2I,J). This 
result indicated that PWAR6 depletion promotes tumour growth 
by activating YAP1. To rule out the possibility that these effects 

F I G U R E  1   LncRNA PWAR6 is down-
regulated in human PDAC and correlates 
with poor prognosis. A, PWAR6 was 
detected in 63 pairs of pancreatic ductal 
adenocarcinoma (PDAC) tissues and 
adjacent benign pancreatic tissues by 
qRT-PCR. The expression of PWAR6 was 
found to be frequently down-regulated 
in PDAC tissues as compared with that 
in adjacent benign pancreatic tissues. B, 
The relative expression of PWAR6 was 
assessed in PDAC cell lines (Capan-1, 
AsPC-1, SW1990, BxPC-1, and PANC-1) 
and a normal human pancreatic ductal 
epithelial cell line (HPDE6). C, D, PWAR6 
expression was significantly lower in 
patients with advanced TNM stage (C) 
and tumour distant metastasis (D). E, F, 
(E) Patients with high PWAR6 expression 
level manifested longer survival time 
(P = 0.001, log-rank test), and data 
extracted from Kaplan-Meier website 
further confirmed our result (F)
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were caused non-specifically, we re-introduced PWAR6 into cells 
that were already transfected with PWAR6 siRNAs, and the results 
shown in Figure  2K,L clearly demonstrated that in addition to re-
produced effects of PWAR6 knockdown on BxPC-3 cell viability 
and migration, these effects were successfully rescued by PWAR6 
overexpression. Collectively, these findings confirmed the tumour 
suppressor role of PWAR6 in PDAC cells.

3.3 | Overexpression of LncRNA PWAR6 inhibits 
cell cycle and promotes cell apoptosis

The above data indicate that PWAR6 regulates cell proliferation 
and migration in PDAC, and these results promoted us to further 
investigate whether PWAR6 could influence cell cycle and cell 

apoptosis. As expected, flow cytometry analysis revealed that 
PWAR6 overexpression led to a significant accumulation of popu-
lation in G1/G0 phase and a decrease in the percentage of cells 
in S phase (Figure  3A). On the contrary, in response to PWAR6 
knockdown, the cell population was skewed towards S phase and 
the percentage of cells in G1/G0 phase decreased (Figure  3B). 
The cell apoptosis was analysed by flow cytometry using Annexin 
V FITC/PI staining in AsPC-1 and BxPC-3 cells as shown in 
Figure 3C. Cells transfected with PWAR6 plasmid showed signifi-
cantly increased percentage of apoptotic cells, which is 23.02% 
as compared to 8.97% in control cells for AsPC-1 and 20.93% as 
compared to 6.35% in control cells for BxPC-3. In addition, the 
expression levels of apoptosis-related proteins, such as caspase-3, 
BAX and Bcl-2 were also tested in PWAR6 overexpressed AsPC-1 
cells. As indicated in Figure 3D, PWAR6 up-regulation increased 

F I G U R E  2   LncRNA PWAR6 regulates PDAC cell proliferation, invasion and migration in vitro and in vivo. A, PWAR6 expression was 
exogenously manipulated using PWAR6 siRNAs or PWAR6 cDNA in AsPC-1 and BxPC-3 cells, respectively and assessed by using qRT-
PCR. B-D, The cell proliferation ability of AsPC-1 and BxPC-3 cells after transfecting with PWAR6 siRNAs or overexpression plasmid was 
determined by CCK-8 assay (B), BrdU assay (C) and colony formation assay (D). E, Cells were transfected with PWAR6 siRNAs, plasmid or the 
negative control, and then subjected to Western blot to evaluate the expression of E-cadherin, vimentin, PCNA and cyclin D1. F-G, The cell 
migration ability of AsPC-1 and BxPC-3 cells after transfecting with PWAR6 siRNAs or overexpression plasmid was determined by Transwell 
migration assay (F). F, The cell invasion ability of AsPC-1 and BxPC-3 cells after transfecting with PWAR6 siRNAs or overexpression plasmid 
was determined by Transwell invasion assay (G). H, Xenograft tumours were harvested at the end of experiment and weighted. I-J, The levels 
of PWAR6 and YAP1 were detected in ten tumour samples by qRT-PCR (I) and WB analysis (J). K-L, The cell proliferation and migration 
ability of BxPC-3 cells transfected with PWAR6 siRNA was tested after co-transfecting with pcDNA-PWAR6 by conducting CCK-8 assay (K) 
and Transwell migration assay (L)
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F I G U R E  3   Overexpression of LncRNA inhibits cell cycle and promotes cell apoptosis. A-B, The effect of PWAR6 up-regulation (A) and 
down-regulation (B) on cell cycle progression of PDAC cells was detected by flow cytometry analysis. C, The apoptotic rates of pcDNA-
PWAR6 transfected PDAC cells were measured by flow cytometry. LL dead cells, UL viable cells, LR early apoptotic cells, UR terminal 
apoptotic cells. D, AsPC-1 cells were grown and subjected to pcDNA-PWAR6 plasmid transfection, the protein levels of caspase-3, Bcl-2 
and BAX were accessed by Western blot. E, AsPC-1 cells and BxPC-3 cells were grown and subjected to pcDNA-PWAR6 plasmid or PWAR6 
siRNA transfection, the protein levels of p53 was accessed by Western blot

F I G U R E  4   The expression of PWAR6 and YAP1 were negatively associated. A, Bioinformatical analysis of PWAR6 and YAP1 expression 
using the starBase v3.0 Pan-Cancer Analysis and Networks Platform data. B, The expression level of YAP1 was significantly up-regulated 
in PDAC tissues and was negatively correlated with PWAR6 expression level. C-D, AsPC-1 and BxPC-3 cells were grown and subjected to 
PWAR6 siRNA or pcDNA-PWAR6 plasmid transfection, the mRNA and protein levels of YAP1 in these cells were then accessed by qRT-PCR 
(C) or Western blot (D)
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the expression of caspase-3 and BAX, while decreased the expres-
sion of Bcl-2. Besides, the regulation of PWAR6 can also affect the 
level of a well-documented tumour suppressor P53. We found that 
overexpression of PWAR6 elevates p53 protein level, while knock-
down of PWAR6 inhibits p53 protein level (Figure 3E). Together, all 
these results demonstrated that PWAR6 overexpression inhibits 
cell cycle and promotes cell apoptosis.

3.4 | LncRNA PWAR6 is responsible 
for the epigenetic repression of YAP1 by interacting 
with PRC2

We next sought to further explore the molecular mechanisms un-
derlying PWAR6 functions. We first searched for potential PWAR6 
target genes by employing starBase v3.0 Pan-Cancer Analysis and 
Networks Platform (http://starb​ase.sysu.edu.cn/). Interestingly, the 
result in Figure 4A showed that PWAR6 exhibited a weak negative 
correlation trend with YAP1, a main downstream effector of Hippo 

pathway. Dysregulation of YAP1 affects transcription of various 
genes related to cell proliferation and migration, subsequently con-
tributing to cancer development.14 This finding led us to evaluate 
the expression of YAP1 in the 63 paired PDAC samples mentioned 
above, and we found the expression of YAP1 was markedly in-
creased in PDAC samples when compared with adjacent normal pan-
creatic tissues (Figure 4B, left panel). Pearson analysis indicated that 
the expressions of PWAR6 and YAP1 were significantly negatively 
correlated (Figure 4B, right panel). In line with this observation, our 
qRT-PCR and western blot analysis showed that overexpression of 
PWAR6 in AsPC-1 cells significantly reduced both mRNA and pro-
tein levels of YAP1, and siRNA knockdown of PWAR6 in BxPC-3 cells 
up-regulated YAP1 expression (Figure 4C,D).

According to previous reports, numerous lncRNAs could bind to 
chromatin-modifying enzymes to promote epigenetic activation or 
silencing of its target gene expression.15 In order to better under-
stand detailed mechanism of PWAR6 functions, we then examined 
the location of PWAR6 inside a cell. The results shown in Figure 5A 
demonstrated that PWAR6 was primarily located in the nucleus, where 

F I G U R E  5   LncRNA is responsible for the epigenetic repression of YAP1 by interacting with PRC2. A, The PWAR6 subcellular location 
was determined in AsPC-1 and BxPC-3 cells. U6 was used as a nuclear marker and GADPH was used as a cytoplasmic marker. B, The binding 
probability between PWAR6 and PRC2 complex (SUZ12, EZH2, EED) was predicted in RNA-protein interaction prediction website (RF 
and SVM scores >0.5). C, RIP assay validated the interaction between PWAR6 and EZH2/SUZ12 in PDAC cells. D, RNA pull-down assay 
demonstrated that PWAR6 could specially retrieved EZH2 in PDAC cells. E, The results of ChIP assay shown that PWAR6 overexpression 
could dramatically enhancing the binding ability of EZH2 to YAP1 promoter region and promoting the methylation of H3K27me3 in PDAC 
cells, while PWAR6 down-regulation contributed to the contrary results
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potential regulation on transcription mediated by PWAR6 could occur. 
Polycomb Repressive Complex 2 (PRC2), a multimeric enzymatic com-
plex composed of EZH2, SUZ12 and EED, has histone methyltrans-
ferase activity and primarily trimethylates histone H3 on lysine 27.16 
About 20% lncRNAs have been suggested to associate with PRC2 
physically.17 Therefore, we hypothesized that PWAR6 could regulate 
its downstream target gene through binding to PRC2. To test this hy-
pothesis, we performed RNA-protein interaction prediction (http://
pridb.gdcb.iasta​te.edu/RPISe​q/refer​ences.php) and found a high pos-
sibility for PWAR6 to interact with EZH2, SUZ12 and EED (Figure 5B). 
Next, RNA-RIP assay was carried out to verify the interaction be-
tween PWAR6 and PRC2. As shown in Figure 5C, PWAR6 could be 
specifically pulled down by EZH2 and SUZ12 antibodies, but not IgG 
negative control. In addition, RNA pull-down assay demonstrated that 
PWAR6, rather than the vector control and PWAR6 antisense, could 
specifically retrieve EZH2 in PDAC cells (Figure 5D). We speculated 
that PWAR6 might epigenetically inhibit the expression of YAP1 by 
scaffolding EZH2. Our ChIP assay followed by qPCR analysis indicated 
that PWAR6 overexpression significantly enhanced EZH2 binding to 
and H3K27me3 levels on the YAP1 promoter region (Figure 5E, left 
panel). In contrast, the binding of EZH2 and the H3K27me3 levels were 
decreased in the promoter region of YAP1 when PWAR6 was knocked 
down (Figure 5E, right panel). Taken together, our data clearly indicate 

that PWAR6 binds to EZH2 and facilitates EZH2/PRC2-mediated epi-
genetic modification of YAP1 promoter for suppression.

3.5 | LncRNA PWAR6 promotes cancer progression 
via negatively regulating YAP1

The above finding that PWAR6 could negatively regulate YAP1 
expression promoted us to assume that PWAR6 could also af-
fect the target genes of Hippo-YAP1 pathway, then contributed 
to the PDAC tumorigenesis. As expected, we analysed the data 
of the PDAC patient cohort collected in the GEPIA database; as 
shown in Figure S2A, PWAR6 expression negatively correlated 
with the levels of some Hippo-YAP1 downstream genes (BIRC5, 
CCNB1, CCNE1, CDC20 and FOXM1) in PDAC specimens. qRT-
PCR assay further confirmed that the regulation of PWAR6 could 
significantly influenced the mRNA expression of these genes 
(Figure S2B). Next, to ascertain YAP1 was involved in PWAR6-
mediated tumour-suppression role in PDAC, we performed a 
series of rescue experiments in AsPC-1 and BxPC-3 cells. As il-
lustrated in Figure 6A-C, the CCK-8, BrdU and colony formation 
assays demonstrated that restoration of YAP1 partially rescued 
PWAR6-mediated inhibitory effects on PDAC cell proliferation. 

F I G U R E  6   LncRNA promotes cancer progression via negatively regulating YAP1. A-F, The cell proliferation, invasion and migration 
ability of AsPC-1 cells transfected with PWAR6 siRNA was tested after co-transfecting with pcDNA-YAP1 by conducting CCK-8 assay (A), 
colony formation assay (B), BrdU assay (C), Transwell migration assay (D) and Transwell invasion assay (E). F, AsPC-1 cells were grown and 
co-transfected pcDNA-YAP1 and pcDNA-PWAR6 or their negative controls and then subjected to flow cytometry analysis. BxPC-3 cells 
were grown and co-transfected YAP1 siRNA and PWAR6 siRNA#1 or their negative controls and then subjected to flow cytometry analysis. 
G, The apoptotic rates of pcDNA-YAP1 and pcDNA-PWAR6 or their negative controls co-transfected PDAC cells were measured by flow 
cytometry. H, The expression level of YAP1 was measured by western blotting analysis in pcDNA-PWAR6, pcDNA-PWAR6 + pcDNA-YAP1 
or their negative controls transfected AsPC-1 cells
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The transwell invasion and migration assays revealed that overex-
pression of YAP1 recovered the inhibition of cell migration ability 
induced by PWAR6 overexpression (Figure 6D,E). Flow cytometry 
analysis revealed that YAP1 overexpression counteracted G0/
G1 phase arrest induced by PWAR6 (Figure  6F, left panel). On 
the contrary, YAP1 knockdown restored cell cycle promoted by 
PWAR6 siRNA (Figure 6F, right panel). Furthermore, the apoptosis 
analysis showed that cell apoptosis enhanced by PWAR6 was sig-
nificantly opposed by YAP1 co-transfection (Figure 6G). The ex-
pression level of YAP1 was confirmed in Figure 6H as transfected 
with above indicated plasmids. These data suggest that YAP1 is a 
critical target gene of PWAR6 involved in PDAC tumorigenesis.

4  | DISCUSSION

Large amounts of cancer research used to focus on protein-coding 
genes that with potential to act as clinical biomarkers. However, <2% 
of the human genome is subsequently translated and the majority of 
the genomes in fact transcribed into ncRNAs.18 The characteristic 
of lncRNAs that do not encode proteins do not mean such RNAs do 
not have function. Accumulating evidence has revealed that lncR-
NAs vitally participate in cellular processes and a variety of human 
diseases, especially cancer.19 For example, our previous study re-
ported that LINC00958 exerted oncogenic function in human head 
and neck squamous carcinoma.20 Moreover, Wang et al found that 
lncRNA GAS5-AS1 suppressed cervical cancer cell tumorigenicity 
and metastasis by decreasing GAS5 N6-methyladenosine (m6A) 
modification.21 In the present study, for the first time, we demon-
strated that lncRNA PWAR6 was down-regulated in PDAC tissues 
and cell lines. The biological function of PWAR6 in regulating ma-
lignant phenotypes of PDAC was also evaluated. Overexpression of 
PWAR6 inhibited cell proliferation and migration, induced cell G1/
G0 phase arrest and promoted cell apoptosis. In contrast, depletion 
of PWAR6 contributed to the opposite effects. These data indicate 
that PWAR6 may act as an anti-oncogene and might exhibit critical 
biological functions in the development of PDAC.

During tumorigenesis, the up- or down-regulation of specific ln-
cRNAs frequently occurs. In recent years, more and more studies 
have reported that dysregulated expression of lncRNAs in human 
cancers reflects the spectrum of tumour progression and could 
effectively forecast patient clinical outcomes.22 For instance, ele-
vated expression of lncRNA 91H was found to be a predictor for 
shorter overall survival in hepatocellular carcinoma patients.23 Yan 
et al demonstrated that LINC00470 was frequently up-regulated in 
gastric cancer tissues and cell lines. Overexpression of LINC00470 
was correlated with TNM stage and distant metastasis status of gas-
tric cancer.24 LncRNA CASC15 was verified to function as an unfa-
vourable predictor for ovarian cancer. Low expression of CASC15 
was closely linked to advanced TNM stage, poorer differentiation, 
and larger tumour size.25 Of note, many lncRNAs, such as HOTTIP, 
XIST, HULC, ROR and MALAT-1, were reported to be associated with 
clinical characteristics of PDAC patients.26,27 Our study indicated 

that lower level of PWAR6 is associated with higher TNM stage 
and distant metastasis status in PDAC patients. Furthermore, we 
demonstrated that higher PWAR6 expression correlates with bet-
ter clinical outcome in patients. The data retrieved from KM plotter 
website further confirmed our results. Therefore, lncRNA PWAR6 
serves as a promising biomarker for PDAC patients.

The above results suggested the tissue specificity and the tumour 
suppressor role of PWAR6 in PDAC. However, the genes that were af-
fected by PWAR6 remains undocumented in PDAC. We thus screened 
a bunch of PWAR6-related genes, among which YAP1 caught our atten-
tion. YAP1 is a transcriptional coactivator in Hippo pathway and consid-
ered to be encoded by a proto-oncogene.28 By mediating its target gene 
transcription in most cancer cells, YAP1 plays multiple regulatory roles 
in cancer progression.29 In PDAC, overexpression of YAP1 correlated 
with liver metastasis and poor prognosis.30 The bioinformatic analysis 
using GEPIA server indicated a negative correlation trend between 
PWAR6 and YAP1. We further tested the expression pattern of YAP1 
in PDAC tissues and adjacent pancreatic tissues by performing qRT-PCR 
assay. It was evident that YAP1 was up-regulated in PDAC tissues, and 
the Pearson analysis further reinforced the inverse correlation between 
PWAR6 and YAP1, which was also validated in our western blot and 
qRT-PCR assays as PWAR6 suppressed the expression of YAP1. As to 
the mechanism of the regulation of YAP1 by PWAR6 remains unclear, 
which arouse our interest to explore.

Given that the subcellular location of lncRNAs may decide its 
functionality, we first analysed the distribution and subcellular lo-
cation of PWAR6 in PDAC cells. The subcellular localization patterns 
of lncRNAs and their biological functions are closely related. In the 
cytoplasmic, lncRNAs target mRNA transcripts and modulate its 
stability and translation, whereas the nuclear lncRNAs are import-
ant epigenetic modulators of nuclear functions.31 The subcellular 
fractionation assay demonstrated that PWAR6 primarily localizes 
within the nucleus of PDAC cells. In the nucleus, many lncRNAs act 
by influencing the epigenetic status of protein-coding genes through 
direct interactions with chromatin-modifying factors.32 PRC2, one 
of the most studied chromatin-modifying factors, is a histone meth-
yltransferase required for epigenetic silencing during cancer devel-
opment.33 The binding probability between PWAR6 and PRC2 was 
analysed by RNA-protein interaction prediction (http://pridb.gdcb.
iasta​te.edu/RPISe​q/). Both the RF and SVM scores were higher than 
0.5, indicating a high possibility for PWAR6 and PRC2 physical inter-
action. The methyltransferase EZH2 is the core subunit of the PRC2 
complex, and previous studies have shown that numerous lncRNAs 
can bind to EZH2.34 For instance, lncRNA UCA1 mediates the ex-
pression of p21 and SPRY1 through interacting with EZH2, thus fa-
cilitating tumour progression of gastric cancer.35 LINC01133 inhibits 
breast cancer invasion and metastasis through repressing SOX4 
expression by recruiting EZH2 to SOX4 promoter.36 In our present 
study, through RIP and RNA pull-down assays, we identified direct 
interaction between PWAR6 and EZH2. ChIP assay using EZH2 and 
H3K27me3 antibodies demonstrated that EZH2 can directly bind 
to YAP1 promoter region and induce trimethylation of H3K27 in 
PDAC cells. Therefore, we speculated that PWAR6 exerts its tumour 
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suppressive role by negatively regulating YAP1. As expected, 
PWAR6-induced cell proliferation inhibition, cell cycle arrest and 
cell apoptosis could be partially reversed by YAP1 co-transfection.

In conclusion, our study provided evidence for the first time that 
PWAR6 exerts tumour suppressor activity in human PDAC cells by 
interacting with EZH2 and facilitating its repression of YAP1, thus 
mediating proliferation, apoptosis and metastasis of PDAC. These 
findings indicate that PWAR6 is a critical molecule for PDAC tumor-
igenesis and could be a promising target for novel intervention and/
or therapeutics in PDAC.
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