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Abstract

cells were investigated both in vitro and in vivo.

and metastasis of human PDAC cells.

Background: Aberrant expression of Wiskott—Aldrich syndrome protein interacting protein family member 1 (WIPF1)
contributes to the invasion and metastasis of several malignancies. However, the role of WIPF1 in human pancreatic
ductal adenocarcinoma (PDAC) remains poorly understood.

Methods: Human pancreatic cancer samples from PDAC patients were collected for methylation analysis. Bioinformatic
prediction program and luciferase reporter assay were used to identify microRNAs regulating WIPF1 expression. The
association between WIPF1 expression and the overall survival (OS) of patients with PDAC was evaluated by using The
Cancer Genome Atlas (TCGA) database. The roles of miR-141/200c and WIPF1 on the invasion and metastasis of PDAC

Results: We found that compared to the surrounding non-cancerous tissues, there was significantly increased methylation
of miR-200c and miR-141 in human PDAC tissues that resulted in their silencing, whereas the members of the other cluster
of miR-200 family including miR-200a, miR-200b and miR-429 were hypomethylated. Our data show that forced expression
of miR-141 or miR-200c suppressed invasion and metastasis of PDAC cells both in vitro and in xenograft and identified
WIPF1 as a direct target of miR-141 and miR-200c. Both miR-141 and miR-200c inhibit WIPF1 by directly interacting with its
3"-untranslated region. Remarkably, silencing of WIPF1 blocked PDAC growth and metastasis both in vitro and in vivo,
whereas forced WIPF1 overexpression antagonized the tumor suppressive effect of miR-141/200c. Additionally, by using
TCGA database we showed that high expression of WIPF1 correlated with poor survival in patients with PDAC. Moreover,
we show that miR-141 and miR-200c blocked YAP/TAZ expression by suppressing WIPFT.

Conclusions: We have identified WIPF1 as an oncoprotein in PDAC and a direct target of miR-141/miR-200c. We have also
defined the miR-141/200c-WIPF1-YAP/TAZ as a novel signaling pathway that is involved in the regulation of the invasion
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Background

Pancreatic ductal adenocarcinoma (PDAC) is a highly
aggressive malignancy and one of the leading causes of
cancer death worldwide with very poor 5-year overall
survival (OS) [1, 2]. For early stage patients, surgical re-
section remains the mainstay of treatment, followed by
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post-operative chemotherapy with or without radiation.
Most patients are unfortunately diagnosed with ad-
vanced stage, and for patients with early stage disease,
relapse is extremely common [3-5]. Therefore, it is im-
perative to investigate for potential therapeutic strategies
by understanding the mechanism of invasion and metas-
tasis of PDAC.

Several microRNAs have been identified to be involved
in the oncogenic process, drug resistance, and metastasis
of PDAC [6]. The CpG methylation of microRNA pro-
moter region has been found to be a major mechanism in
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regulating their expression [7]. The microRNA miR-200
gene family (including miR-200a, miR-200b, miR-200c,
miR-141 and miR-429) which is clustered in two separate
chromosomal locations: miR-200a/200b/429 on chromo-
some 1 and miR-141/200c on chromosome 12, has been
characterized with high methylation and low expression in
a variety of tumor cells. Downregulation of miR-141,
miR-200a, miR-200b and miR-200c have been shown to
promote cancer cell proliferation and metastasis in pros-
tate cancer [8], gastric cancer [9], hepatocellular carcin-
oma [10], head and neck squamous cell carcinoma [11].
In addition, miR-200c/429 was shown to suppress tumor-
ignecity and invasion of breast cancer stem cells [12, 13].
A study showed that miR-200a and miR-200b were hypo-
methylated in pancreatic cancer, distinct from the other
findings in other malignancies suggesting that miR-200a/b
may promote cell proliferation in pancreatic cancer [14].
The methylation status of other miR-200 members in
PDAC has not been reported yet. Furthermore, most stud-
ies exploring the functional role and target genes of
miR-200 in PDAC have depended on cell culture experi-
ments with little in vivo characterizations [15—18].

The gene encoded by Wiskott—Aldrich syndrome pro-
tein (WASP) interacting protein family member 1
(WIPF1) participates in actin cytoskeleton organization
and polymerization that are associated with cell prolifer-
ation and invasion [19-21]. WIPF1 binds to a region of
Wiskott-Aldrich syndrome protein (WASP) that is fre-
quently mutated in Wiskott-Aldrich syndrome (WAS)
[22, 23]. WAS is associated with high frequency of ma-
lignancy especially lymphoma [24]. WIPF1 was found to
be a oncogene in breast cancer, glioma and colorectal
cancer [25]. However, the role of WIPF1 in PDAC is
unclear.

YAP/TAZ is a key component of HIPPO signaling
pathway that is consisted of a kinase cascade controlling
organ size by regulating cell proliferation and differenti-
ation [26]. While many components of HIPPO pathway
are tumor suppressors, YAP/TAZ functions as oncogene
by suppressing the contact inhibition, conferring the
stemness and stimulating cell growth and metastasis of
malignant cells [27-30]. Like WIPF1, YAP/TAZ is
overexpressed in several malignancies including PDAC
and has also been shown to regulate cytoskeleton
organization of cells and cell adhesion [28, 29].

The aim of this study was to investigate the mechan-
ism by which miR-200 family members regulate the on-
cologic behaviors of PDAC. We show that miR-141/200c
is epigenetically silenced in PDAC both in vitro and in
vivo. Furthermore, we identified WIPF1 as a direct target
of miR-141/200c and demonstrated that miR-141/200c
interacts with the 3'-untranslated region of WIPF1 to
inhibit WIPF1-YAP/TAZ pathway in PDAC, finally sup-
pressing PDAC growth and metastasis.
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Methods

Patients and tissue samples

This study was approved by the Committee for the Eth-
ical Review of Research, Fujian Medical University
Union Hospital (No. 2016-ZQN-34). Human pancreatic
cancer samples were collected from patients undergoing
surgery at Fujian Medical University Union Hospital,
Fuzhou, China, from March 2016 to July 2017. Informed
consent was obtained before sample collection. All pa-
tients received curative surgery and had histologically
confirmed PDAC. None of the patients received neoad-
juvant radiation or chemotherapy. The stage of each pa-
tient was assessed based on the American Joint
Committee on Cancer version 7 (AJCC 7). The tissue
samples were placed in liquid nitrogen or RNAlater im-
mediately after dissection and stored at -80C° until
DNA and RNA extractions were performed.

Cell culture and drug treatment

The human pancreatic duct epithelial cells (HPDE) and
pancreatic cancer cell lines (PANC-1, BxPC-3, HPAF-II
and SW1990) were obtained from the Cell Bank, Chin-
ese Academy of Sciences (Shanghai, China) and propa-
gated in our laboratory by culturing in complete growth
medium as recommended by the supplier. All cell lines
were genotyped for identity by Cell Bank, Chinese Acad-
emy of Sciences and tested for ruling out mycoplasma
contamination. Cells were incubated at 37 °C in atmos-
pheric conditions of 20% O, and 5% CO,, treated with
4 pM 5-aza-2’'-deoxycitidine (5-Aza-dC) (Sigma, St.
Louis, MO, USA) for 3 days, before harvesting for assays
for methylation and mRNA expression.

Animals

All animal experimental protocols were approved by the
Ethics Committee for Animal Research of Fuzhou Gen-
eral Hospital of Chinese PLA Nanjing Military Com-
mand. (No. FZZY-2016-26). The male athymic nude
(BALB/c-nu) mice of 4 to 5 weeks and male NOD/SCID
mice of 5 weeks were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China)
and housed in a pathogen-free facility of Comparative
Medicine Center of Fuzhou General Hospital and main-
tained on a 12-h light-dark cycle. Food and tap water
were provided ad libitum.

CpG methylation analysis

Genomic DNA was extracted from tissue samples and
cell lines with the QIAamp DNA Mini Kit (QIAGEN,
Dusseldorf, Germany) according to the manufacturer’s
instructions. DNA concentration and purity were deter-
mined based on the absorbance at 260 and 280 nm. A
total of 1.5 pg of genomic DNA from each sample was
converted with sodium bisulfite using an EZ DNA
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Methylation-Gold Kit (Zymo research, Orange County,
CA, USA) according to the manufacturer’s instructions.
PCR primers were designed using Epidesigner (http://
www.epidesigner.com) and are shown in the Add-
itional file 1: Table S1. Polymerase chain reaction (PCR)
was performed with the PCR Accessory Set (Sequenom,
San Diego, CA, USA) and the following parameters: hot
start at 94 °C for 10 min, followed by denaturing at 94 °
C for 45 s, annealing at 62 °C for 48 s, extension at 72 °
C for 1 min for 10 cycles, then denaturing at 94 °C for
45 s, annealing at 57 °C for 48 s, extension at 72 °C for
1 min for 35 cycles and final incubation at 72 °C for
3 min. Unincorporated dNTPs were dephosphorylated
using the MassCLEAVE Kit (Sequenom). The reaction
mixture was incubated at 37 °C for 20 min and shrimp
alkaline phosphate (SAP) was then heat inactivated for
5 min at 85 °C. After SAP treatment, 2 pl of the PCR
products were used for in vitro transcription and RNase
cleavage in accordance with the manufacturer’s instruc-
tions (Sequenom). The samples were conditioned and
spotted on a 384-pad SpectroCHIP (Sequenom) using the
Sequenom MassARRAY platform (CapitalBio, Beijing,
China), based on the matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrom-
etry. Mass spectra were acquired via MassARRAY Com-
pact MALDI-TOF (Sequenom) and the methylation ratios
were generated by the EpiTyper software (Sequenom).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells or fresh-frozen tis-
sues with TRIzol reagent (Invitrogen, San Diego, CA,
USA) by following the manufacturer’s protocol. The
miR-200c and miR-141 levels were quantified by qRT-
PCR using TagMan assay kits (Applied Biosystems, Foster
City, CA, USA) with U6 small nuclear RNA as an internal
normalization reference. WIPF1, ZEB1, E-Cadherin and
Vimentin mRNA was measured by qRT-PCR using a
SYBR Premix Ex Taq (Takara, Dalian, China) and normal-
ized for GAPDH expression. The qRT-PCR reactions were
performed using an ABI Stepone plus Real-Time PCR Sys-
tem (Applied Biosystems). The primer sequences are listed
in the Additional file 1: Table S2.

Oligonucleotide transfection and sequences of miR-141/
200c mimics and anti-miR141/200c mimics

All RNA oligoribonucleotides, including miR-200c mimic,
miR-141 mimic, negative control mimic (NC), miR-141/
200c inhibitors (anti-miR-141 and anti-miR-200c) and their
NC were obtained from Genepharma (Shanghai, China) and
their sequences are shown in the Additional file 1: Table S3.
The short hairpin RNA (shRNA) sequence for human
WIPF1-1 was 5-GGCCAACAGGGATAATGATTCTTC
AAGAGAGAATCATTATCCCTGTTGGCCTT-3" and WI
PF1-2 was GGGAAAGCAGATTCTACTTCCTTCAAGA
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GAGGAAGTAGAATCTGCTTTCCCTT. Negative Con-
trol shRNA vector (Genepharma) was used as a control for
RNA interference. The oligonucleotide transfection was per-
formed using the Lipofectamine 2000 reagent (Invitrogen)
and transfection was performed according to the manufac-
turers’ recommendations.

Lentivirus production and transduction

Human miR-141 mimics, miR-200c mimics and WIPF1
shRNA oligonucleotides were designed and cloned into the
LV3-pGLVHI1/GFP + Puro vector (GenePharma). The cod-
ing sequence of WIPF1 without its 3-UTR was amplified
and cloned into another lentiviral expression vector,
LV5-pGCMV/MCS/EF1a/GFP + Puro vector (GenePharma),
to produce WIPF1. BxPC-3 and PANC-1 cells were infected
with lentiviruses following the instructions of the Gene-
Pharma Recombinant Lentivirus Operation Manual.
At 72 h after lentivirus infection, the medium was re-
placed with fresh medium containing puromycin to
select for stably infected cells.

Luciferase reporter assay

The region of the 3'-untranslated region (UTR) of human
WIPF1 containing three putative miR-200c binding sites
and one putative miR-141 binding site were selected to gen-
erate four mutant variants (TargetScan, Additional file 1:
Figure S1IA and B). Mutant 3-UTR of human WIPF1
mRNA was generated by site-specific mutagenesis of the
wild-type 3-UTR segment of human WIPF1 mRNA using
altered sequence in the complementary site (Additional file 1:
Table S1B). The wild-type (WT) and four mutant variants
(MUT) derived from the 3-UTR segment of human
WIPF1 mRNA were amplified and subcloned into restric-
tion sites downstream of the luciferase reporter gene in the
pmirGlo-vector (GenePharma). Luciferase activities were
assayed using a Dual-Luciferase Reporter Assay system (Pro-
mega, Madison, WI, USA) according to the manufacturer’s
instructions. Transfections were performed in duplicate and
repeated at least three times in separate experiments.

Cell proliferation assay

Cell proliferation was evaluated using the Cell Counting
Kit-8 (CCK-8, Dojindo, Tokyo, Japan). BxPC-3 and
PANC-1 cells were seeded in 96-well culture plates at
5 x 10% cells/well, transfected with the indicated miRNA
and incubated for 1, 2, 3, 4 and 5 days. After washed in
PBS, 100 pl medium containing 10% CCK-8 solution
was added to each well and incubated for 2 h at 37 °C.
Samples are read directly in the wells using an absorb-
ance of the 450 nm wavelength by an enzyme linked im-
munosorbent assay (ELISA) plate reader.
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Migration and invasion assays

Cell migration and invasion were measured by a Transwell
migration plates (24-well, 8 pm pore size, Corning Costar,
NY, USA) and chamber invasion assay (Matrigel-coated
membrane, Corning Costar). The upper chamber con-
tained pancreatic cancer cells in serum-free medium, and
the lower chamber contained culture medium with 10%
fetal calf serum. After incubation for 8 h (for migration
assay without Matrigel-coated membrane) or 24 h (for in-
vasion assay with Matrigel-coated membrane) at 37 °C,
non-invading cells were removed with cotton swabs, and
cells that had invaded to the underside of the membrane
were stained with 0.1% crystal violet. Then, the invaded
cells were counted under an inverted microscope.

In vivo tumorigenicity assay

Pancreatic cancer cells (1 x 107 cells in 100 ul PBS) were
injected subcutaneously into the right axilla of each male
athymic nude mice. The length (L), width (W) and height
(H) of the tumors were measured weekly. The tumor vol-
ume (V) was calculated using the following formula: V
= (L x W x H) x 0.5. Mice were sacrificed 28 days after the
injection. Tumors were removed and weighed. Each group
contained at least five animals.

Experimental metastasis assay

An in vivo metastasis model was established as previ-
ously described [31]. Pancreatic cancer cells (1 x 10° cells
in 50 pl PBS) were injected into the spleens of NOD/
SCID mice. Ten weeks after the injections, the animals
were sacrificed under deep anesthesia (pentobarbital so-
dium [30 mgkg™ 1) and the liver and lungs were har-
vested. Tumor metastases were quantified by counting
the number of metastatic colonies on one histological
section at the middle portion of each liver or lung sam-
ple. Each group contained at least five animals.

Western blot
Western blotting of WIPF1, YAP and TAZ in pancreatic
cancer cells was with the methods described previously [32].

The cancer genome atlas (TCGA) data analysis

RNAseq and clinical data of 177 patients defined by the
TCGA pathologist as PDAC were obtained from the TCGA
Data Portal (https://tcga-datancinih.gov). All data were
downloaded from the November 22, 2017 standard dataset.
For RNAseq data, expression levels were TPM-normalized
and ENSG-ID transformed.

Statistical analysis

Quantitative data were expressed as the mean + standard
deviation (SD) and analyzed with variance and Student’s
t-test. The relationships between the expression of
miRNA and the level of DNA methylation were analyzed
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with a Spearman correlation coefficient. The Kaplan—
Meier method was used to analyze the overall survival
(OS) of patients from the TCGA database for correlation
with WIPF1 expression, and statistical significance was
calculated using the log-rank test. All statistical analyses
were performed using SPSS statistical software version 19.

Results

Quantitative analysis of CpG methylation of miR-200
family in PDAC

We quantified the promoter DNA methylation levels of
the miR-200 family members miR-200a/200b/429 and
miR-200c/141 using the MassARRAY compact system
with MALDI-TOF mass spectrometry which permits
high-throughput identification of methylation sites and
semi-quantitative measurement at single or multiple CpG
sites. The CpG sites of the promoter region used for the
methylation assays in each miR-200 family member are in-
dicated (Fig. 1a). As shown by the heatmap (Fig. 1b), the
levels of CpG methylation of miR-200a, miR-200b and
miR-429 were significantly lower (hypomethylation) in the
10 paired human pancreatic cancer tissues (A01-A10), com-
pared to the surrounding non-cancerous tissues (B01-B10,
hypermethylation). This result is similar to that was previ-
ously reported [14]. In contrast, the levels of the CpG
methylation of miR-141 and miR-200c were significantly
higher in human PDAC. To confirm this result, we derived
the mean values from all the CpG sites and found that the
levels of CpG methylation of miR-141/200c were signifi-
cantly higher in the PDAC tissues compared to the sur-
rounding non-cancerous tissues (Fig. 1c). When the mean
methylation values were calculated from each individual
CpG of all the 10 paired samples, the result was similar
(Fig. 1d). The opposite result for the miR-200a/200b/429
promoter was obtained as expected (Additional file 1: Figure
S2A and B). Collectively, these results indicated that the
miR-141/200c promoter is hypermethylated while which
ofmiR-200a/200b/429 is hypomethylated in PDAC.

Hypermethylation is responsible for the silencing of miR-

141 and miR-200c in PDAC

To verify whether the CpG hypermethylation mediates
the miR-141/200c silencing, we evaluated miR-141 and
miR-200c expression in the 10 paired human PDAC tis-
sues by qRT-PCR. As expected, the relative expression
levels of miR-141 and miR-200c in PDAC were signifi-
cantly lower than that of the non-cancerous tissues
(Fig. 2a). To further confirm this result, we investigated
the correlation between the level of CpG methylation of
miR-141 promoter and the level of miR-141 expression in
37 patients with PDAC and found an inverse correlation (r
=-0.627, P<0.001, Fig. 2b and Additional file 1: Table S4).
Similar result was obtained for miR-200c (r=-0.782, P<
0.001, Fig. 2c). We then analyzed the CpG methylation of


https://tcga-data.nci.nih.gov

Pan et al. Journal of Experimental & Clinical Cancer Research (2018) 37:167 Page 5 of 16

-

0.8 0.6 0.4 0.2 0
- -
=

A B

miR-4zs e
123 4 56 7 89 ] 2
e —— 1 |mir-429
-40 +1 +142 } g CpG sites
7
8
miR-200c ?=
1 2 3 4 5[ % miR-200c
O ——— | 3 |cpGsites
15 #1 +97 ! ‘?=
2
R.200b i I = I 5
123 45 " 67 8 15 - e 8
N [ 7 miR-200b
67 +1 +138 \ % CpG sites
1
W 2
miR-200a 3
1 2 3 4 5 6 L
S —— : miR-200a
.65 +1 +151 4 | CpGsites
6—d
miR-141 |
12 34 5 6 E miR-141
e — - 4 |cpGsites
-20 +1 +99 || 6
>P>P P >P>P PP PP PP PUWUWIWWOWNWEWW®E®
OO0 000000000000 O0COO0CO =
Cancer Non-cancer
C N=10
mm Cancer
mm Non-cancer D
. . miR-200c (N=10) miR-141 (N=10)
100- miR-200c  100- miR-141 80 P <0.001 80 P=0.001
o 804 804 —_
S 2 60 60-
S 60- 60- S
E * * PB* Nx* E 401 401
E 404 * 404 _E'
o 2 20 20-
S 20 204 =
0- 0 T T 0 T T
1 2 3 4 5 1 2 3 4 5 6 Non-cancer Cancer Non-cancer Cancer

CpG site CpG site

Fig. 1 The levels of CpG methylation of the miR-200 family gene promoters in human PDAC. a Quantitative analysis of the CpG methylation of the
promoters of miR-200 family members (miR-200a, miR-200b, MiR-200c, miR-141, and miR-429). The schematic illustration shows the position of the
members of the pre-miR-200 (black bar) and their CpG sites. The start site is indicated by + 1. Each red vertical line indicates an individual CpG site. The
location of the CpG sites used for the methylation assays are indicated. b The levels of CpG methylation of the miR-200 family members in 10 paired
PDAC and their surrounding non-cancerous tissues on a heatmap. A01-A10 and BO1-B10 represent corresponding10 paired human PDAC (A1-A10) and
their surrounding non-cancerous tissues (B1-B10) respectively. The colors displayed represent the relative methylation levels in 0.1
increment, from blue =0 (0% methylated) to red =1 (100% methylated). ¢ The mean methylation levels of each individual CpG site of
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miR-141 and miR-200c DNA promoter in all the cell lines We treated the pancreatic cell lines with the
tested. All four human PDAC cell lines (PANC-1, BxPC-3, DNA-demethylating agent 5-Aza-dC and found that
HPAF-II and SW1990) showed significantly higher methy-  5-Aza-dC decreased the level of promoter methylation
lation levels, compared to the benign pancreatic tissue of miR-141 and miR-200c (Fig. 2e) and restored the
human pancreatic duct epithelial cells (HPDE, Fig. 2d).  expression of miR-141 and miR-200c (Fig. 2f). These
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Fig. 2 CpG hypermethylation is responsible for the silencing of miR-141 and miR-200c. a Expression of miR-141 and miR-200c in 10 paired PDAC and
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results indicated that CpG hypermethylation silenced
the expression of miR-141 and miR-200c in PDAC.

Suppression of PDAC proliferation and metastasis by miR-
141 and miR-200c

To determine whether epigenetically regulated miR-141/
200c confers tumor-suppressive function in PDAC cells,
we stably infected BxPC-3 and PANC-1 cells with a retro-
viral construct carrying miR-141, miR-200c or with an
empty vector as control. We verified the overexpression of

these constructs (Additional file 1: Figure S3A and B) and
showed that forced expression of anti-miR-141 and
anti-miR-200c suppressed the expression of miR-141 and
miR-200c (Additional file 1: Figure S3C and D). Using the
CCK8 assay, we found that overexpression of miR-141 sig-
nificantly inhibited cell proliferation while miR-141 inhibitor
(anti-miR-141) stimulated cell proliferation (Fig. 3a and b).
Interestingly, overexpression of miR-200c or miR-200c in-
hibitor (anti-miR-200c) showed no significant effect on the
cell proliferation (Fig. 3a and b). Using xenograft by injecting
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the PDAC cells subcutaneously into the athymic nude mice,
we found that overexpression of miR-141 but not miR-200c
significantly suppressed the tumor growth (Fig. 3c and d).

We next investigated the role of miR-141 and miR-200c
on the cell migration and invasion of PDAC using transwell
chambers with or without Matrigel-coated membranes.
Both miR-141 and miR-200c suppressed the migration and
invasion of PANC-1 and BxPC-3 cells (Fig. 4a-d). Further-
more, miR-141 inhibitor and miR-200c inhibitor reverse
the inhibition (Additional file 1: Figure S4A and B). We also
determined that miR-141 and miR-200c suppressed the ex-
pression of epithelial-to-mesenchymal transition (EMT)
markers ZEB1 and Vimentin while stimulated the expres-
sion of E-cadherin, a suppressor of EMT (Fig. 4e-g and
Additional file 1: Figure S4C). These results indicate that
both miR-141 and miR-200c suppress the stemness of
PDAC cells.

To investigate the role of miR-141 and miR-200c
on PDAC metastasis, PDAC cells were infected with a
lentiviral vector expressing miR-141 or miR-200c, or
an empty vector as control and the resulting cells
were then injected into the spleens of NOD/SCID
mice. Ten weeks after the injection, the animals were
euthanized, and the organs were harvested. The over-
expressing miR-141 significantly suppressed the tumor
growth in the spleen where the cells were injected, while
miR-200c had little effect (Additional file 1: Figure S4D).
However the mice injected with the cells overexpressing
miR-141 or miR-200c had significantly lower number of
metastatic nodules in the liver and lungs compared with the
mice injected with the cells infected with an empty vector
(Fig. 4h and i). These findings demonstrate that miR-141
but not miR-200c retained the ability to inhibit the cell pro-
liferation in vitro and the growth of primary tumor in
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the liver or lung specimen from each animal. Each group contained five mice

Fig. 4 Effect of miR-141 and miR-200c on PDAC cell migration, invasion, and metastasis. a-b) miR-141 and miR-200c suppress cell migration; c-d miR-141
and miR-200c suppress cell invasion. PANC-1 and BxPC3 cells were used for the assays. The cells were stained and counted in 10 fields. Magnification (x 200).
Data represent the mean -+/— SD of three independent experiments.~ P < 001. e-g miR-141 and miR-200c affect the expression of EMT markers. PANC-1
cells were treated with miR-141 or miR-200c and RT-PCR was performed to determine the expression of ZEB-1 (e), Vimentin (f), and E-cadherin (g). h miR-141
and miR-200c inhibited tumor metastasis in the xenograft model. The experiment was performed with five animals in each group, sacrificed 10 weeks after
the injection of cancer cells into the spleen of NOD/SCID mice and liver and lungs were harvested. Representative livers and lungs from mice were shown.
H&E staining was performed on sections of metastatic tumors and normal liver or lung tissues. Metastatic tumour nodules (T) outlined by a dotted line.
Magnification, x 100. i The number of metastatic tumors was quantified by counting the individual tumors on one histological section of the midportion of

xenograft, while both were capable of suppressing the mi-
gration, invasion and metastasis of PDAC cells.

WIPF1 is a direct target of miR-141/200c

To investigate the mechanism underlying the tumor
suppressive function of miR-141 and miR-200c, we set
out to identify the putative binding sites of their poten-
tial target genes. It is well established that microRNAs
regulate mRNA expression by targeting the 3'-UTR of
mRNAs with a complementary seed sequence [33]. With
the use of TargetScan software program, we found that
3’- UTR of WIPF1 contained putative miR-141/200c
binding sites (Additional file 1: Figure S1A). To verify
their interaction, a dual-luciferase reporter system assay
was performed. The wild-type (WT) or the mutant (MUT)
miR-141 or miR-200c binding sequences in the 3'-UTR of
human WIPF1 (Additional file 1: Figure S1B) was cloned
to the downstream of firefly luciferase reporter gene, then
co-transfected with miR-141 or miR-200c mimic or an un-
related sequence as control into 293 T cells. As is shown in
Fig. 5a, the relative luciferase activity with WT but not the
mutant 3'-UTR of WIPF1 was significantly suppressed by
the miR-141 or miR-200c mimic. These results indicate
that both miR-141 and miR-200c suppress WIPF1 expres-
sion through binding to their binding sites on the 3'-UTR
of WIPF1. Consistent with these results, using HPDE as
positive control we found that both the mRNA and protein
levels of WIPF1 in both PANC-1 and BxPC-3 cells were
downregulated by the miR-141 and miR-200c mimics,
while upregulated by anti-miR-141 and anti-miR-200c
(Fig. 5b, and Additional file 1: Figure S5).

To further confirm that WIPF1 is the target of
miR-141/200c, we investigated if there is a correlation
between their expression. We examined 37 individual
human pancreatic cancer tissues and found that the ex-
pression of miR-141 inversely correlated with the ex-
pression of WIPF1 mRNA (r=-0.734, p < 0.001, Fig. 5¢,
left panel). Similar result was obtained for the expression
of miR-200c and WIPF1 (r=-0.733, p <0.001, Fig. 5c,
right panel). We also examined 10 paired pancreatic
cancer tissues and the surrounding non-cancerous tis-
sues and found that mRNA expression of WIPF1 was
highly elevated in the PDAC tissues compared to the
surrounding non-cancerous tissues (P =0.005, Fig. 5d).

These results indicate that the silencing of miR-141 and
miR-200c by CpG methylation in human PDAC leads to
increased expression of WIPF1.

WIPF1 silencing leads to the inhibition of PDAC
proliferation, invasion and metastasis

To investigate the functional roles of WIPF1 in PDAC, we
constructed a cell line with stable knockdown of WIPF1
using a lentivirus vector expressing a short hairpin WIPF1
(shWIPF1) and a control cell line with vector only
(shCtrl). Knockdown of WIPF1, as confirmed by the di-
minished protein and mRNA expression (Additional file 1:
Figure S6A-D), reduced cell proliferation (Fig. 6a and b)
and tumor growth of primary site (Fig. 6¢). This result is
nearly identical to that obtained with the overexpression
of miR-141 (Fig. 3a-d). Knockdown of WIPF1 also inhib-
ited migration and invasion of both PANC-1 and BxPC-3
cells (Fig. 6d-g), also nearly identical to that obtained with
the overexpression of either miR-141 or miR-200c
(Fig. 4a-d, h and i). Moreover, knockdown of WIPF1 de-
creased the number of metastatic nodules in the liver and
lungs (Fig. 6h-j). This result is also nearly identical to that
obtained with the overexpression of either miR-141 or
miR-200c (Fig. 4h and i). These data demonstrate that in
opposite to miR-141/200c, WIPF1 promotes cell growth,
migration, invasion and metastasis of PDAC cells.

WIPF1 expression antagonizes the tumor suppressive
effect of miR-141/200c and correlates with poor patient
survival

To determine whether miR-141/200c targets WIPF1 to
suppress the invasion and metastasis of PDAC cells,
PANC-1 and BxPC-3 cells were transfected with a plasmid
carrying the cDNA that encodes the entire coding sequence
of WIPF1 but with the deletion of the 3-UTR (WIPF1/-
3-UTR). We found that WIPF1/- 3’-UTR was resistant to
the suppressive effect of miR-141 and miR-200c on its ex-
pression (Additional file 1: Figure S7A). Moreover, WIPF1/
- 3-UTR overcame the suppressive effect of miR-141/200c
on the migration, invasion and metastasis of PDAC cells
(Fig. 7a-d and Additional file 1: Figure S7B-D). These re-
sults demonstrate that WIPF1 is indeed a functional target
of miR-141/200c.
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To determine the impact of WIPF1 expression on length of OS). Using Kaplan-Meier estimate, we found
the survival of patients with pancreatic cancer, we that the patients with low WIPF1 expression was as-
identified 177 PDAC cases from the TCGA database sociated with significantly longer OS compared to the
and examined the correlation between the level of ex-  patients with high WIPF1 expression (P =0.03). The
pression of WIPF1 and overall survival (OS). These median OS was 38 months in the low WIPF1 expres-
patients had a mean age of 64.7 and majority (85%) had  sion group versus 19 months in the high WIPF1 ex-
stage II and III disease (Additional file 1: Table S5). We  pression group (Fig. 7e). This result indicates that
found 38 cases with low expression and 139 with  WIPF1 expression is associated with a more aggres-
high expression of WIPF1 in the tumor tissues (cut-- sive disease course and possibly resistance to treat-
off value =4.81; the partition was constructed by the ment in human PDAC.
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Fig. 6 Knockdown of WIPF1 blocks PDAC cell growth and metastasis. a and b Knockdown of WIPF1 by shWIPF1 inhibits cell growth of PANC-1 and
BxPC-3. CCK-8 assay was used to measure cell proliferation. Data represent the mean +/— SD with three independent experiments. P < 0.05 versus
control. ¢ Knockdown of WIPF1 inhibits tumor in the xenograft model. Each group contained 5 mice. Tumor weight was measured. d-g Knockdown of
WIPF1 inhibits cell migration (d and e) and invasion (f and g) of PANC-1 and BxPC3. Data represent the mean +/— SD with three independent
experiments. P < 0.01. Magnification, x 200. h-j Knockdown of WIPF1 inhibited tumor metastasis in the xenograft model. Experimental design similar
as described in Fig. 4h. Representative livers and lungs from the animals are shown. H&E staining was performed. Metastatic tumour nodules (T)
outlined by a dotted line. Magnification, x 100. Student's t-test was used to analyze the difference between the two groups

WIPF1 mediates the suppression of YAP/TAZ by miR-141/

200c

WIPF1 was found to drive tumor progression by stabiliz-
ing the YAP/TAZ complex [32]. Previously it was also
shown that miR-141 inhibited the expression of YAP1 in
pancreatic cancer [17]. We investigated if miR-141/200c
suppress YAP/TAZ expression by inhibiting WIPF1. We
found that expression of both YAP and TAZ was indeed
suppressed by the overexpression of miR-141 or miR-200c
in both PANC-1 and BxPC3 cells (Fig. 8a). While miR-141
or miR-200c inhibitor (anti-miR-141 or anti-miR-200c) in-
creased the expression of YAP and TAZ (Fig. 8b). Knock-
down of WIPF1 decreased the expression of YAP and
TAZ (Fig. 8c). In addition, forced expression of the mutant
WIPF1 with the deletion of its 3'-UTR (WIPF1/- 3’-UTR)
stimulated the expression of YAP/TAZ and blocked the
suppressive effect of miR141/200c on YAP/TAZ expression
(Fig. 8d). Hence, WIPF1 mediates the suppressive effect of
miR-141/200c on YAP/TAZ. These results demonstrate
that silencing of miR-141/200c stimulates PDAC growth
and metastasis by activating the WIPF1-YAP/TAZ path-
way, leading to poor patient survival (Fig. 8e).

Discussion

MicroRNA miR-141 and miR-200c are upregulated in sev-
eral malignancies while downregulated in several others,
playing dual regulatory roles on cell growth and differenti-
ation, tumor invasion and metastasis, depending on the
cellular context. For example, miR-141/200c is downregu-
lated in triple negative breast cancer and its overexpres-
sion stimulates its invasive and migratory property [34]. In
non-small cell lung cancer, high expression of miR-141/
200c was associated with worse survival [35]. While in
renal cell carcinoma, miR-141/200c suppresses cell prolif-
eration and metastasis by targeting EphA2 [36]. In PDAC,
miR141 and miR-200c are downregulated and target sev-
eral genes including YAP1 [17], as well as MAP4K4,
MUCI, and TM4SF1 [37]. All these indicate that miR-141
and miR-200c play important roles in regulating cell
growth and differentiation as well as metastasis.

We show that the CpG methylation in the promoter
region was responsible at least in part for the downregu-
lation of miR-141/200c expression in human PDAC.
This was further confirmed by the restoration of
miR-141/200c expression by the demethylating agent

5-azacitidine-dC in PDAC cell lines. In contrast, the
other cluster of miR-200 family members including
miR-200a, miR-200b and miR-429 were hypomethylated
in PDAC, suggesting that the different cluster of the
same microRNA family may play opposing roles.

We focused our study on the roles of miR-141/200c in
PDAC and demonstrated that miR-141 suppressed the cell
proliferation and tumor growth of PDAC in in vitro and in
xenograft model. Interestingly, our data showed the lack of
inhibition on cell proliferation by miR-200c, despite both
microRNAs displayed the inhibitory effect on tumor cell in-
vasion, migration, metastasis as well as expression of
WIPF1. This suggests that the inhibitory effect on the cell
proliferation and the metastasis of PDAC by miR-200c may
be two separate and decoupled mechanisms independent
of each other and miR-200c is a key regulator for the me-
tastasis but not for primary tumor growth, similar to a pre-
vious study [38]. This is consistent with that two
transmembrane mucins involved in invasion and metasta-
sis, MUC4 and MUCI6, are targeted by miR-200c [18]. A
previous study also showed that miR-141 inhibited invasion
and migration of PDAC cells but not proliferation [16].
There are likely other unidentified factors that are involved
in the miR-200c dependent regulation of primary tumor
growth. Importantly, we showed that both miR-141 and
miR-200c suppressed the expression of EMT markers while
stimulating the expression of tumor suppressor E-cadherin.

Using TargetScan program, we identified WIPF1 as a
direct target of miR-141/miR-200c. The 3’-UTR of
WIPF1 contains the miR-141 and miR-200c binding sites
and the deletion of this 3’-UTR from WIPF1 rendered its
expression no longer responsive to the suppression by
miR-141/miR-200c. Consistent with this, our data with 37
PDAC cases showed that the expression of miR-141/200c
and WIPF1 in human PDAC inversely correlated. WIPF1
binds to the untranslated region of WASP and stabilize its
expression [22]. The mutations on the WIPF1 binding site
of WASP cause Wiskott-Aldrich syndrome (WAS) with
increased susceptibility to leukemia and lymphoma [22].
WIPF1 participates in actin cytoskeleton organization and
polymerization that are required for the epithelial-to-mes-
enchymal transition (EMT) [19-21]. Our data show that
silencing of WIPF1 blocks tumor growth and metastasis
while high expression of WIPF1 in human PDAC was as-
sociated with inferior patient survival, consistent with the
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Fig. 7 WIPF1 expression antagonizes the tumor suppressive effect of miR-141/200c and correlates with poor patient survival. a WIPF1 with the
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performed. Metastatic tumour nodules (T) outlined by a dotted line. Magnification, x 100. Student’s t-test was used to analyze the difference between
the two groups. e High expression of WIPF1 in PDAC correlates with poor patient survival. Data was derived from 177 patients in the TCGA database.
Kaplan-Meier method was used to display the survival curve. Statistical analysis was performed using the log rank test

previous study that high expression of WIPF1 was associ-
ated with poor survival in other types of malignancy [25,
39]. These findings indicate that WIPF1 harbors charac-
teristics of an oncogene and plays important role in pro-

moting tumor growth and metastasis.

Importantly, our study shows that miR-141 and miR200c
suppress YAP/TAZ expression by repressing the expression
of WIPF1. Forced expression of WIPF1 stimulated the ex-
pression of YAP/TAZ and overcame the suppression of

YAP/TAZ by miR-141/200c, consistent with a previous
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PDAC promotes tumor growth and metastasis by activating the WIPF1-YAP/TAZ pathway, leading to decreased patient survival

study that showed WIPF1 stimulated tumor growth by en-
hancing YAP/TAZ stability [32]. The YAP/TAZ complex is
a key complex of HIPPO pathway and participates in the
regulation of other critical signaling transduction pathways
such as Wnt/beta-catenin and may serve as a common
endpoint of several pathways leading to malignant progres-
sion [30, 40—44]. By silencing miR-141/200c, PDAC hijacks
a physiologic regulatory checkpoint that is key to prevent-
ing deregulated cell growth.

Conclusion

In conclusion, we have characterized a new oncoprotein
expression profile of WIPF1 in PDAC and demonstrated
that miR-141/200c regulates the invasion and metastasis
of PDAC cells via miR-141/200c-WIPF1-YAP/TAZ path-
way. Treatment that combines demethylating agents that

are capable of de-repressing miR-141/200c may be a
durable strategy for the treatment of metastatic pancre-
atic cancer. Future studies should also investigate the
mechanism of methylation of miR-141/200c.

Additional file

Additional file 1: Table S1. The primer sequences used for polymerase
chain reaction. Table S2. The nucleotide sequence of the primers used
for gRT-PCR. Table S3. The sequence of miR-200c mimic, miR-141 mimic,
anti-miR-200c mimic (Has-miR-200c inhibitor), and anti-miR-141 mimic
(Has-miR-141 inhibitor) used for lentivirus transfection and luciferase
reporter assay. Table S4. Characteristics of patients with pancreatic cancer
(N =37). Table S5. Characteristics of patients with pancreatic cancer from
the TCGA database (N =177). Figure S1. Identifying miR-141/200c target
genes using the TargetScan software program. Figure S2. The levels of CpG
methylation of the promoter region of miR-200a/200b/429 in PDAC. Figure
S3. Lentiviral expression of miR-141 and miR-200c and their inhibitors in



https://doi.org/10.1186/s13046-018-0848-6

Pan et al. Journal of Experimental & Clinical Cancer Research (2018) 37:167

pancreatic cancer cell lines. Figure S4. The effect of miR-141 and miR-200c
inhibitors on cell migration and invasion in vitro and tumor growth in
xenograft. Figure S5. miR-141 and miR-200c inhibit the expression of WIPF1
in HPDE cell line. Figure S6. Lentiviral expression of shWIPF1 in pancreatic
cancer cell lines. Figure S7. WIPF1 antagonizes the inhibitory effect of miR-
141/200c on cell migration, invasion and metastasis of PDAC. (DOCX 17513 kb)

Abbreviations

5-Aza-dC: 5-aza-2"-deoxycitidine; Ctrl: Control; EMT: Epithelial-to-mesenchymal
transition; HPDE: Human pancreatic duct epithelial cells; miR-200: microRNA-
200; MUT: Mutant; NC: Negative control; OS: Overall survival;

PDAC: Pancreatic ductal adenocarcinoma; shRNA: Short hairpin RNA;

TAZ: Transcriptional coactivator with PDZ-binding motif; TCGA: The cancer
genome atlas; UTR: Untranslated region; WAS: Wiskott-Aldrich syndrome;
WASP: Wiskott-Aldrich syndrome protein; WIPF1: Wiskott-Aldrich syndrome
protein interacting protein family member 1; WIPF1/—3"-UTR: Entire coding
sequence of WIPF1 but with the deletion of the 3-UTR; WT: Wild-type;

YAP: Yes-associated protein

Acknowledgements

The authors thank Wei Zheng (Department of Pathology, Fujian Medical University,
Fuzhou, China) for providing histological technology and analysis. The authors also
thank He-ping Zheng, Yuan Dang, Fu-li Wen and Lai-en Xue for their help with the
animal studies at the Comparative Medicine Center of Fuzhou General Hospital.

Funding

This study was supported by the Medical Talents Training Program of Health and
Family Planning Commission of Fujian Province (2016-ZQN-34); The Medical Center
of Minimally Invasive Technology of Fujian Province (No. 171, 2017 and No. 4, 2017).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

YP, FL, and HH conceived the research. YP, FL, PX, MP, ZZ and XL designed
the methodology. YP, FL and PX MP, ZZ and XL performed the experiments.
YP, FL and PX wrote the original draft of the manuscript. MP reviewed and
edited the manuscript. HH supervised the study. All authors gave final
approval of the submitted and published versions of the manuscript.

Ethics approval

Animal experiment protocols were approved by the Ethics Committee for
Animal Research of Fuzhou General Hospital of Chinese PLA Nanjing Military
Command. (No. FZZY-2016-26). All patients whose tissue samples were used
in this research provided written informed consent, and the study protocol
was approved by the Committee for the Ethical Review of Research, Fujian
Medical University Union Hospital (No. 2016-ZQN-34).

Consent for publication
Not applicable in this section.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of General Surgery, Fujian Medical University Union Hospital,
No.29 Xinquan Road, Fuzhou 350001, People’s Republic of China.
’Department of obstetrics and gynecology, Fuzhou General Hospital, 156
North Xi-er Huan Road, Fuzhou 350001, China. 3Col\ege of Bioinformatics
Science and Technology, Harbin Medical University, Harbin 150086, China.
“Department of Oncology and Hematology and Division of Research, Kaiser
Permanente, Santa Clara, CA 95051, USA.

Page 15 of 16

Received: 14 May 2018 Accepted: 16 July 2018
Published online: 24 July 2018

References

1. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al.
Cancer treatment and survivorship statistics, 2016. CA Cancer J Clin. 2016;
66(4):271-89.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. 2018;
68(1):7-30.

3. Mayo SC, Nathan H, Cameron JL, Olino K, Edil BH, Herman JM, et al.
Conditional survival in patients with pancreatic ductal adenocarcinoma
resected with curative intent. Cancer. 2012;118(10):2674-81.

4. Gillen S, Schuster T, Buischenfelde CMZ, Friess H, Kleeff J. Preoperative/
neoadjuvant therapy in pancreatic Cancer: a systematic review and meta-
analysis of response and resection percentages. PLoS Med. 2010;7(4):
e1000267.

5. Werner J, Combs SE, Springfeld C, Hartwig W, Hackert T, Blchler MW.
Advanced-stage pancreatic cancer: therapy options. Nat Rev Clin Oncol.
2013;10(6):323.

6. Yonemori K, Kurahara H, Maemura K, Natsugoe S. MicroRNA in pancreatic
cancer. J Hum Genet. 2017;62(1):33-40.

7. Suzuki H, Maruyama R, Yamamoto E, Kai M. DNA methylation and microRNA
dysregulation in cancer. Mol Oncol. 2012;6(6):567-78.

8. Lynch SM, O'Neill KM, McKenna MM, Walsh CP, McKenna DJ. Regulation of
miR-200c and miR-141 by methylation in prostate Cancer. Prostate. 2016;
76(13):1146-59.

9. Zhou X, Wang Y, Shan B, Han J, Zhu H, Lv Y, et al. The downregulation of
miR-200c/141 promotes ZEB1/2 expression and gastric cancer progression.
Med Oncol. 2014;32(1):428.

10. Wu W, Sun H, Zhang R, Yu X, Shi X, Zhu M, et al. Methylation-associated
silencing of miR-200b facilitates human hepatocellular carcinoma
progression by directly targeting BMI1. Oncotarget. 2016;7(14):18684-93.

11. Tamagawa S, Beder LB, Hotomi M, Gunduz M, Yata K, Grenman R, et al. Role
of miR-200c/miR-141 in the regulation of epithelial-mesenchymal transition
and migration in head and neck squamous cell carcinoma. Int J Mol Med.
2014;33(4):879-86.

12. Uhlmann S, Zhang JD, Schwéger A, Mannsperger H, Riazalhosseini Y,
Burmester S, et al. miR-200bc/429 cluster targets PLCgammal and
differentially regulates proliferation and EGF-driven invasion than miR-200a/
141 in breast cancer. Oncogene. 2010,29(30):4297-306.

13. Shimono Y, Zabala M, Cho RW, Lobo N, Dalerba P, Qian D, et al.
Downregulation of miRNA-200c links breast cancer stem cells with normal
stem cells. Cell. 2009;138(3):592-603.

14.  Li A, Omura N, Hong SM, Vincent A, Walter K, Griffith M, et al. Pancreatic
cancers epigenetically silence SIP1 and hypomethylate and overexpress
miR-200a/200b in association with elevated circulating miR-200a and miR-
200b levels. Cancer Res. 2010;70(13):5226-37.

15. Wu X, Wu G, Wu Z, Yao X, Li G. MiR-200a suppresses the proliferation and
metastasis in pancreatic ductal adenocarcinoma through downregulation of
DEK gene. Transl Oncol. 2016;9(1):25-31.

16. Xu 'L, LiQ Xu D, Wang Q, An Y, Du Q, et al. hsa-miR-141 downregulates
TMA4SF1 to inhibit pancreatic cancer cell invasion and migration. Int J Oncol.
2014;44(2):459-66.

17. Zhu Z-M, Xu Y-F, Su Q-J, Du J-D, Tan X-L, Tu Y-L, et al. Prognostic
significance of microRNA-141 expression and its tumor suppressor function
in human pancreatic ductal adenocarcinoma. Mol Cell Biochem. 2013;
388(1-2):39-49.

18.  Radhakrishnan P, Mohr AM, Grandgenett PM, Steele MM, Batra SK,
Hollingsworth MA. MicroRNA-200c modulates the expression of MUC4 and
MUC16 by directly targeting their coding sequences in human pancreatic
cancer. PLoS One. 2013;8(10):e73356.

19.  Schafer DA. Coupling actin dynamics and membrane dynamics during
endocytosis. Curr Opin Cell Biol. 2002;14(1):76.

20. Stevenson RP, Veltman D, Machesky LM. Actin-bundling proteins in cancer
progression at a glance. J Cell Sci. 2012;125(5):1073-9.

21, Donnelly SK, Weisswange |, Zettl M, Way M. WIP provides an essential link
between Nck and N-WASP during Arp2/3-dependent actin polymerization.
Curr Biol. 2013;23(11):999-1006.

22, Lanzi G, Moratto D, Vairo D, Masneri S, Delmonte O, Paganini T, et al. A
novel primary human immunodeficiency due to deficiency in the WASP-
interacting protein WIP. J Exp Med. 2012,209(1):29-34.



Pan et al. Journal of Experimental & Clinical Cancer Research (2018) 37:167

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

Rengan R, Ochs HD. Molecular biology of the Wiskott-Aldrich syndrome.
Rev Immunogenet. 2000;2(2):243-55.

Sullivan KE, Mullen CA, Blaese RM, Winkelstein JA. A multiinstitutional survey
of the Wiskott-Aldrich syndrome. J Pediatr. 1994;125(6 Pt 1):876-85.

Staub E, Groene J, Heinze M, Mennerich D, Roepcke S, Klaman |, et al. An
expression module of WIPF1-coexpressed genes identifies patients with
favorable prognosis in three tumor types. J Mol Med. 2009,87(6):633-44.

Yu FX, Guan KL. The hippo pathway: regulators and regulations. Genes Dev.
2013,27(4):355-71.

Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, et al. Inactivation of YAP
oncoprotein by the hippo pathway is involved in cell contact inhibition and
tissue growth control. Genes Dev. 2007;21(21):2747-61.

Mo JS, Yu FX, Gong R, Brown JH, Guan KL. Regulation of the hippo-YAP pathway
by protease-activated receptors (PARs). Genes Dev. 2012,26(19):2138-43.
Cordenonsi M, Zanconato F, Azzolin L, Forcato M, Rosato A, Frasson C, et al.
The hippo transducer TAZ confers cancer stem cell-related traits on breast
cancer cells. Cell. 2011;147(4):759-72.

Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: hippo
signaling and beyond. Physiol Rev. 2014;94(4):1287-312.

Zhu Z, Xu'Y, Zhao J, Liu Q, Feng W, Fan J, et al. miR-367 promotes
epithelial-to-mesenchymal transition and invasion of pancreatic ductal
adenocarcinoma cells by targeting the Smad7-TGF-beta signalling pathway.
Br J Cancer. 2015;112(8):1367-75.

Gargini R, Escoll M, Garcia E, Garcia-Escudero R, Wandosell F, Anton IM. WIP
drives tumor progression through YAP/TAZ-dependent autonomous cell
growth. Cell Rep. 2016;17(8):1962-77.

Zeng Y, Yi R, Cullen BR. MicroRNAs and small interfering RNAs can inhibit
mMRNA expression by similar mechanisms. Proc Natl Acad Sci U S A. 2003;
100(17):9779-84.

Cascione L, Gasparini P, Lovat F, Carasi S, Pulvirenti A, Ferro A, et al.
Integrated microRNA and mRNA signatures associated with survival in triple
negative breast cancer. PLoS One. 2013;8(2):55910.

Tejero R, Navarro A, Campayo M, Vinolas N, Marrades RM, Cordeiro A, et al.
miR-141 and miR-200c as markers of overall survival in early stage non-small
cell lung cancer adenocarcinoma. PLoS One. 2014;9(7):¢101899.

Chen X, Wang X, Ruan A, Han W, Zhao Y, Lu X, et al. miR-141 is a key
regulator of renal cell carcinoma proliferation and metastasis by controlling
EphA2 expression. Clin Cancer Res. 2014;20(10):2617-30.

Mohr AM, Bailey JM, Lewallen ME, Liu X, Radhakrishnan P, Yu F, et al. MUC1
regulates expression of multiple microRNAs involved in pancreatic tumor
progression, including the miR-200c/141 cluster. PLoS One. 2013,8(10):e73306.
Yu J, Ohuchida K, Mizumoto K, Sato N, Kayashima T, Fujita H, et al.
MicroRNA, hsa-miR-200c, is an independent prognostic factor in pancreatic
cancer and its upregulation inhibits pancreatic cancer invasion but
increases cell proliferation. Mol Cancer. 2010;9:169.

Zhang T, Shen X, Liu R, Zhu G, Bishop J, Xing M. Epigenetically upregulated
WIPF1 plays a major role in BRAF V600E-promoted papillary thyroid cancer
aggressiveness. Oncotarget. 2017,8(1):900-14.

Hong W, Guan KL. The YAP and TAZ transcription co-activators: key
downstream effectors of the mammalian hippo pathway. Semin Cell Dev
Biol. 2012,23(7):785-93.

Harvey KF, Zhang X, Thomas DM. The hippo pathway and human cancer.
Nat Rev Cancer. 2013;13(4):246-57.

Halder G, Johnson RL. Hippo signaling: growth control and beyond.
Development. 2011;138(1):9-22.

Azzolin L, Panciera T, Soligo S, Enzo E, Bicciato S, Dupont S, et al. YAP/TAZ
incorporation in the beta-catenin destruction complex orchestrates the Wnt
response. Cell. 2014;158(1):157-70.

Oudhoff MJ, Braam MJS, Freeman SA, Wong D, Rattray DG, Wang J, et al.
SETD7 controls intestinal regeneration and tumorigenesis by regulating
Whnt/beta-catenin and hippo/YAP signaling. Dev Cell. 2016;37(1):47-57.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients and tissue samples
	Cell culture and drug treatment
	Animals
	CpG methylation analysis
	Quantitative real-time PCR (qRT-PCR)
	Oligonucleotide transfection and sequences of miR-141/200c mimics and anti-miR141/200c mimics
	Lentivirus production and transduction
	Luciferase reporter assay
	Cell proliferation assay
	Migration and invasion assays
	In vivo tumorigenicity assay
	Experimental metastasis assay
	Western blot
	The cancer genome atlas (TCGA) data analysis
	Statistical analysis

	Results
	Quantitative analysis of CpG methylation of miR-200 family in PDAC
	Hypermethylation is responsible for the silencing of miR-141 and miR-200c in PDAC
	Suppression of PDAC proliferation and metastasis by miR-141 and miR-200c
	WIPF1 is a direct target of miR-141/200c
	WIPF1 silencing leads to the inhibition of PDAC proliferation, invasion and metastasis
	WIPF1 expression antagonizes the tumor suppressive effect of miR-141/200c and correlates with poor patient survival
	WIPF1 mediates the suppression of YAP/TAZ by miR-141/200c

	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

