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The incidence of pancreatic neuroendocrine tumor (PNET) is increasing, and it presents with various
clinical manifestations and an unfavorable survival rate. A better understanding of the drivers of PNET
tumorigenesis is urgently needed. Distinct miRNA signatures have been identified for different stages of
tumorigenesis in both human and mouse PNETs. The functions of these miRNAs are poorly understood.
miR-431 is the most up-regulated miRNA in the metastatic signature. However, it is unknown whether
miR-431 contributes to metastasis of PNETs. Herein, we show that miR-431 overexpression activates Ras/
extracellular signal-regulated kinase (Erk) signaling and promotes epithelial-mesenchymal transition,
migration/invasion in vitro, and metastasis in both xenograft and spontaneous mouse models of PNET.
Treatment of PNET cells with Erk inhibitor or locked nucleic acids sequestering miR-431 inhibits invasion.
Four target prediction modules and dual-luciferase reporter assays were used to identify potential mRNA
targets of miR-431. A Ras GTPase activating protein tumor suppressor (RasGAP), DAB2 interacting protein
(DAB2IP), was discovered as an miR-431 target. Overexpression of DAB2IP’s rat homolog, but not its
mutant defective in Ras GTPase activating protein activity, reverses miR-431’s effect on promoting in-
vasion, Erk phosphorylation, and epithelial-mesenchymal transition of PNETs. Taken together, miR-431
silences DAB2IP to active Ras/Erk and promote metastasis of PNETs. miR-431 may be targeted to manage
metastatic PNETs. (Am J Pathol 2020, 190: 689e701; https://doi.org/10.1016/j.ajpath.2019.11.007)
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Pancreatic neuroendocrine tumors (PNETs) represent one-
third of gastroenteropancreatic neuroendocrine tumors and
are the second malignancy of the pancreas. The 5-year
survival rate is approximately 55% when the tumors are
localized and resected, but only approximately 15% when
the tumors are not resectable.1 However, PNETs often
display an indolent phenotype, resulting in late diagnosis at
advanced stages when surgical resection with curative intent
is no longer an alternative.2,3 Sunitinib (a multitargeted
protein tyrosine kinase inhibitor), everolimus (a mammalian
target of rapamycin inhibitor), and lutetium Lu 177 dotatate
(a radioactive peptide targeted to somatostatin receptor) are
approved for the treatment of unresectable and progressive
stigative Pathology. Published by Elsevier Inc
or metastatic PNETs.2,4,5 All three drugs have their limita-
tions. Both sunitinib and everolimus only extend median
survival of PNET patients by approximately 6 months, and
. All rights reserved.
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all patients developed resistance for both drugs.4,6 Lutetium
Lu 177 dotatate can only be used for tumors expressing
somatostatin receptors. As the incidences of PNETs are
increasing,7 a better understanding of the mechanisms that
underline PNET metastasis is vitally needed to improve
therapeutic options.

miRNAs are small RNAs that regulate the expression of
complementary messenger RNAs and play multiple roles in
cellular functions, including cell growth, differentiation, and
development.8 Metastasis promoter miRNAs9 and suppres-
sor miRNAs10 were first discovered in breast cancer. Sub-
sequent studies revealed more miRNAs with functions in
tumorigenesis and metastasis of other cancer types. A cross-
species study of miRNAs has identified stage-specific
miRNA expression signatures in human PNETs and the
RIP1-Tag2 (RIP-Tag) transgenic mouse model of PNETs.11

Another comprehensive cross-species analysis of mRNA
and miRNA transcriptomes of PNETs from the mouse
model and human patients supports for the RIP-Tag mouse
model as representative of human PNETs.12 Among those
miRNAs expressed in different stages of PNET tumori-
genesis, miR-431 is one of the up-regulated miRNAs in the
metastasis-specific miRNA signature.11 However, the role
of miR-431 during PNET tumorigenesis is unknown. In this
study, we aim to determine whether miR-431 contributes to
PNET metastasis.

Materials and Methods

Cloning miRNA into Replication Competent Avian
Leukosis Virus Long Terminal Repeat with a Splice,
Bryan-Strain Pol Gene (RCASBP or RCABP) Vectors

RCASBP-Y-DEST has been described.13 After KpnI site
was added before pCMV and the first BamHI site was
destroyed in pcDNA6.2 GW-EmGFP-miR-lacZ vector,14

the pCMV-GFP-miR-lacZ part was subcloned from the
modified pcDNA6.2 GW-EmGFP-miR-lacZ vector into
pENTR3C using KpnI and XhoI sites. PCR-generated miR-
431 was cloned into pENTR3C-GFP-lacZ using BamHI
and BglII sites. pENTR3C-pCMV-GFP-miR-LacZ and
pENTR3C-pCMV-GFP-miR-431were recombined with
RCASBP-Y-DEST using LR Clonase (Invitrogen, Carlsbad,
CA) to generate RCASBP-GFP-miR-LacZ and RCASBP-
GFP-miR-431. Inserted regions in the new plasmids were
confirmed by DNA sequencing.

Cell Lines and Reagents

Chicken fibroblast DF115,16 and N134 cell lines17 have been
described. N134/GFP-miR-LacZ and N134/GFP-miR-431
were generated following previously described procedure.18

QGP1 cell line was kindly provided by Chris Harris
(Rutgers University Cancer Institute of New Jersey, New
Brunswick, NJ).19,20 QGP1 cells were infected with viruses
carrying thymidine kinase/green fluorescent protein (GFP)/
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luciferase fusion reporter,21 which was kindly provided by
Drs. Inna Serganova and Ronald Blasberg (Memorial Sloan
Kettering Cancer Center, New York, NY). GFPþ N134/
GFP-miR-LacZ, N134/GFP-miR-431, and QGP1/TGL cells
were sorted using FACS-DiVa Cell Sorter (BD Biosciences,
San Jose, CA) in the Weill Cornell Medicine (WCM) Flow
Cytometry Core.
Rat DAB2IP expression construct, GTPase activating

protein (GAP) mutant of rat DAB2IPexpression construct,
and the control vector (pCI-neo) were gifts from Dr. Jer-
Tsong Hsieh (University of Texas Southwestern Medical
Center, Dallas, TX)22 and they were transiently transfected
into N134/GFP-miR-431 cells by Lipofectamine 3000
(Invitrogen) following the instructions of the manufacturer.
Forty-eight hours after transfection, cells were either used
for the invasion assay described below or lysed in radio-
immunoprecipitation assay buffer (50 mmol/L Tris, pH 7.4,
150 mmol/L NaCl, 1% NP-40, and 0.5% sodium deoxy-
cholate) supplemented with a protease inhibitor mixture and
PhosSTOP (Roche, Pleasanton, CA) for Western blot
analysis.
DF1 and N134 cells were cultured in Dulbecco’s modi-

fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 0.2 mmol/L L-glutamine, and 1%
penicillin/streptomycin. QGP1 cells were cultured in RPMI-
1640 medium supplemented with 10% FBS, 0.2 mmol/L
L-glutamine, and 1% penicillin/streptomycin.
DNA synthesis was measured by Click-iT Plus EdU

Alexa Fluor 647 Flow Cytometry Assay Kit (Invitrogen),
according to the manufacturer’s protocol.
Two miRCURY LNA Power miRNA inhibitors (Qiagen/

Exiqon, Germantown, MD) were number 4103450102 for
has-miR-431-5p (sequence: 5’-GCATGACGGCCTGCAA-
GAC-3’) and negative control A, number 199006102
(sequence: 5’-TAACACGTCTATACGCCCA-3’).

Analysis of miRNA and mRNA Expression

For miRNA analyses, total RNA was extracted from various
cell lines using microRNeasy mini kit (Qiagen). miRNAs
were reverse transcribed by TaqMan miRNA reverse tran-
scription kit (number 4366596; Applied Biosystems, Foster
City, CA) using 10 ng of total RNA, and the expression
levels of mature miRNAs were quantified using the TaqMan
miRNA expression assay (number 4427975; Applied Bio-
systems). Mouse snoRNA202 and human SNORD48 (pre-
viously known as RNU48) were used as endogenous
controls for normalization.
For mRNA expression analyses, mRNAwas isolated from

cells grown on 6- or 10-cm plates using Trizol with DNase I
treatment (Invitrogen) or RNeasy mini kit (Qiagen) contain-
ing genomic DNA Eliminator spin columns. Total RNA (5
mg) was reverse transcribed using cDNA First-Strand Syn-
thesis Kit (Invitrogen), and 20 ng of the resulting cDNA was
then mixed with SYBR Green PCR Master Mix (Applied
Biosystems) and the appropriate primers. Each reaction was
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performed in quadruplicate, and mRNA expression was
quantified by performing real-time PCR amplification using
an ABI Prism 7900HT Real-Time PCR System (Applied
Biosystems). The primer sequences are as follows: CDH1
(mouse, forward: 50-CAGGTCTCCTCATGGCTTTGC-30;
reverse: 50-CTTCCGAAAAGAAGGCTGTCC-30), CDH2
(mouse, forward: 50-CATCAACCGGCTTAATGGTG-30;
reverse: 50-ACTTTCACACGCAGGATGGA-30), ZEB2
(mouse, forward: 50-ATGGCAACACATGGGTTTAGTGG
C-30; reverse: 50-ATTGGACTCTGAGCAGATGGGTGT-
30), SNAI2 (mouse, forward: 50-CACATTCGAACCCACA-
CATTGCCT-30; reverse: 50-TGTGCCCTCAGGTTT-
GATCTGTCT-30), ACTB (mouse, forward: 50-ATAG
GAGTCCTTCTGACCCATTCC-30; reverse: 50-ATGAC-
GATATCGCTGCGCTGGT-30), and B2M (mouse, forward:
50-ATGCTGAAGAACGGGAAAAA-30; reverse: 50-CAGT
CTCAGTGGGGGTGAAT-30) with the comparative CT

method (DDCT). Both ACTB and B2M were used as endog-
enous controls for normalization.

Animal Experiments, Tissue Preparation, and
Immunohistochemical Analysis

Generation of RIP-Tag; RIP-tva mice has been described.17

Nonobese diabetic/scid-IL2Rgc knockout mice were gener-
ated by the Jackson Laboratory (Bar Harbor, ME). All mice
were housed in accordance with institutional guidelines. All
procedures involving mice were approved by the institu-
tional animal care and use committee. For the experimental
metastasis assay, 1 � 106 N134 cells in 150 mL phosphate-
buffered saline were injected into the tail veins of male
nonobese diabetic/scid-IL2Rgc knockout mice at the age of 7
to 8 weeks. For in vivo infection, viral supernatant was
passed through 0.45-mm filters and was concentrated by
high-speed ultracentrifugation at 95,400 � g for 1.5 hours
before intracardiac injection into RIP-Tag; RIP-tva mice at
7 weeks of age. Mice were sacrificed when they were 16
weeks of age or sick. Intracardiac injection of concentrated
RCAS viruses to RIP-Tag; RIP-tva mice and viral titer
determination by end-point dilution of DF1 producer cells
were performed as described.17,18

Tissues were removed and fixed in 10% buffered
formalin overnight at room temperature. Formalin-fixed,
paraffin-embedded sections (5 mm thick) were deparaffi-
nized and rehydrated by passage through a graded xylene/
ethanol series before staining. Hematoxylin and eosin
staining was performed. Immunochemistry was performed
using VECTASTAIN Elite ABC kit, following the manu-
facturer’s instructions. The primary antibody used was
rabbit antisynaptophysin (1:500; VP-S284; Vector Labs,
Burlingame, CA).

Active Ras Pull-Down Assay

Cells at 80% confluency from 4- to 10-cm plates were
combined and lysed in 1 mL lysis buffer (25 mmol/L Tris-
The American Journal of Pathology - ajp.amjpathol.org
HCl, pH 7.2, 150 mmol/L NaCl, 5 mmol/L MgCl2, 1%
NP-40, and 5% glycerol). Of total lysate of each cell line,
6% was saved before the pull-down assay. Protein of each
cell line (500 mg) was processed with the Active Ras Pull-
Down and Detection Kit (number 16117; Thermo
Scientific, Waltham, MA). Activated Ras proteins were
precipitated with a GST-fusion protein of the Ras-binding
domain of Raf1 along with glutathione agarose resin,
following the manufacturer’s instruction. Precipitated pro-
teins were eluted from beads using 2 � loading buffer (12
mmol/L Tris, pH 6.8, 5% glycerol, 0.4% SDS, 140 mmol/L
2-mercaptoethanol, and 0.02% bromophenol blue), sepa-
rated by SDS-PAGE, and analyzed by Western blot analysis
with anti-Ras antibody provided in the kit. The intensities of
bands are quantified by Fiji software version 2.0.0-rc-41/
1.40d (NIH, Bethesda, MD). The relative ratios were
normalized to bands from the first lane.

Western Blot Analysis and Immunoprecipitation

Cells were lysed in NP-40 buffer (100 mmol/L NaCl, 100
mmol/L Tris, pH 8.2, and 0.5% NP-40) supplemented with
a protease inhibitor mixture and PhosSTOP (Roche). Pro-
teins were quantified by Bradford assay (Bio-Rad, Hercules,
CA). Equal amounts of proteins were separated by
SDS-PAGE and transferred to nitrocellulose membranes. To
visualize equal protein loading, blots were stained with
Ponceau S. Blots were incubated in 5% nonfat milk in Tris-
buffered saline and Tween 20, probed with primary anti-
bodies to phosphorylated extracellular signal-regulated ki-
nase 1/2 (p-Erk1/2; 1:1000; 4376; Cell Signaling
Technology, Danvers, MA), total Erk1/2 (1:1000; 9102;
Cell Signaling Technology), cadherin 1 (1:1000; 610181;
BD Biosciences), a-tubulin (1:1000; T5168; Sigma, St.
Louis, MO), Slug (1:1000; ab27568; Abcam, Cambridge,
MA), and DAB2 interacting protein (DAB2IP; 1:800; gift
from Dr. Jer-Tsong Hsieh), and then incubated with horse-
radish peroxidaseeconjugated secondary antibodies. Protein
bands were visualized by enhanced chemical luminescence
(Pierce, Rockford, IL).

In Vitro Transwell Migration and Invasion Assay

For migration assays, 0.5 � 106 or 1 � 106 of cells were
seeded in the upper chambers of 8-mm porous polycarbonate
membranes with DMEM containing 2% FBS, 0.2 mmol/L
L-glutamine, and 1% penicillin/streptomycin. The lower
chambers were filled with DMEM containing 10% FBS, 0.2
mmol/L L-glutamine, and 1% penicillin/streptomycin. After
72 hours, cells migrating to the bottom chambers were fixed,
stained with 0.1% crystal violet for 30 minutes, and counted
in eight fields under �10 magnification.

For invasion assays, 2.5 to 5 � 104 cells were seeded in
the Matrigel-coated transwell chambers (BD Biosciences)
with DMEM containing 1% FBS, 0.2 mmol/L L-glutamine,
and 1% penicillin/streptomycin. The lower chambers were
691
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filled with DMEM containing 10% FBS, 0.2 mmol/L
L-glutamine, and 1% penicillin/streptomycin. After 48
hours, cells on the opposite side of the chambers were fixed
with 4% paraformaldehyde for 20 minutes, stained with
0.1% crystal violet for 30 minutes, and counted in eight
fields under �20 magnification.

For SCH772984 (Selleck Chemicals LLC, Houston, TX)
treatment, N134 cells were pretreated with dimethyl sulf-
oxide (vehicle control) or 1 mmol/L SCH772984 for 7 days.
A total of 2.5 � 104 cells were seeded in Matrigel-coated
transwell chambers with either dimethyl sulfoxide or 1
mmol/L SCH772984 in both the upper and lower chambers.

For invasion assays of transiently transfected cells, 106

cells were seeded in the Matrigel-coated transwell chambers
(BD Biosciences) with DMEM containing 1% FBS, 0.2
mmol/L L-glutamine, and 1% penicillin/streptomycin. The
lower chambers were filled with DMEM containing 10%
FBS, 0.2 mmol/L L-glutamine, and 1% penicillin/strepto-
mycin. After 72 hours of incubation, cells on the opposite
side of the chambers were fixed by 4% paraformaldehyde
for 20 minutes, stained with 0.1% crystal violet for 30
minutes, and counted in all the fields under �20 magnifi-
cation. Experiment was conducted in triplicates. To analyze
cell proliferation, 0.5 � 106 cells were seeded directly onto
24-well plates in triplicate. After 72 hours, cells were fixed
by 4% paraformaldehyde for 20 minutes, stained with 0.1%
crystal violet for 30 minutes, and lysed by 500 mL methanol
with gentle shaking at the speed of 200 rpm for 20 minutes.
Cell lysate from each well (200 mL) was transferred to a 96-
well plate, and OD560 was read.

For QGP1 cell invasion assay, a control inhibitor (LNA-
CTRL) or miR-431 inhibitor (LNA-miR-431) was transfected
to QGP1 cells. After 4 days, 7.5 � 104 cells were seeded in
Matrigel-coated transwell chambers. Forty-eight hours later,
cells were counted as described.23

Total RNA Extraction, RNA-Seq Analysis, and
Computational Analysis

Total RNA was extracted using the RNeasy Plus mini kit
(74134; Qiagen) and QIAshredder kit (79654; Qiagen), ac-
cording to the manufacturer’s protocol. After isolation, the total
RNA integrity was checked using an Agilent Technologies
(Santa Clara, CA) 2100 Bioanalyzer. cDNA libraries were
generated using the Illumina TruSeq RNA Sample Preparation
kit and sequenced with pair-end 51 bp on HiSeq4000
sequencer (Illumina, San Diego, CA). Tophat version 2.0.1124

was used to align sequencing reads to the mm9 mouse refer-
ence genome, and Cufflinks version 2.1.125,26 was used to
measure transcript abundances in fragments per kilobase of
exon model per million mapped reads and to identify differ-
entially expressed genes. The RNA-sequencing (RNA-Seq)
data sets of this study are available in Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo; accession
number GSE139119). Gene set enrichment analysis was
used to determine whether an a priori defined set of genes
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shows statistically significant, concordant differences
between N134 cells expressing GFP-miR-431 and N134
cells expressing GFP-miR-LacZ (control).

RPPA Profiling and Analysis

Reverse phase protein array (RPPA) was performed as
described previously with minor modifications.27e30 Protein
lysates were prepared from cultured cells with modified
Tissue Protein Extraction Reagent (Life Technologies,
Carlsbad, CA) and a cocktail of protease and phosphatase
inhibitors (Roche). The lysates were diluted into 0.5 mg/mL
in SDS sample buffer and denatured on the same day. The
Aushon 2470 Arrayer (Aushon BioSystems, Billerica, MA)
with a 40-pin (185-mm) configuration was used to spot
samples and control lysates onto nitrocellulose-coated slides
(Grace Bio-Labs, Bend, OR) using an array format of 960
lysates/slide (2880 spots/slide). The slides were processed as
described and probed with a set of 224 antibodies against
total proteins and phosphoproteins using an automated slide
stainer Autolink 48 (Dako, Santa Clara, CA). Each slide was
incubated with one specific primary antibody, and a negative
control slide was incubated with antibody diluent without
any primary antibody. Primary antibody binding was detec-
ted using a biotinylated secondary antibody followed by
streptavidin-conjugated IRDye680 fluorophore (LI-COR
Biosciences, Lincoln, NE). Total protein content of each
spotted lysate was assessed by fluorescent staining with
Sypro Ruby Protein Blot Stain, according to the manufac-
turer’s instructions (Molecular Probes, Eugene, OR).
Fluorescence-labeled slides were scanned on a GenePix

4400 AL scanner, along with accompanying negative con-
trol slides, at an appropriate photomultiplier tubes voltage
setting to obtain optimal signal for this specific set of
samples. The images were analyzed with GenePix Pro 7.2
(Molecular Devices, San Jose, CA). Total fluorescence
signal intensities of each spot were obtained after subtrac-
tion of the local background signal for each slide and were
then normalized for variation in total protein, background,
and non-specific labeling using a group-based normalization
method, as described.27 For each spot on the array, the
background-subtracted foreground signal intensity was
subtracted by the corresponding signal intensity of the
negative control slide (omission of primary antibody) and
then normalized to the corresponding signal intensity of
total protein for that spot. Each image, along with its
normalized data, was evaluated for quality through manual
inspection and control samples. Antibody slides that failed
the quality inspection were either repeated at the end of the
staining runs or removed before data reporting. Total 211
antibodies remained in the list.

Transfection and 30 UTR Luciferase Reporter Assay

The 30 untranslated region (UTR) of mouse DAB2IP was
amplified by PCR and cloned into a pmirGLO Dual-
ajp.amjpathol.org - The American Journal of Pathology
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Luciferase miRNA Target Expression Vector (Promega,
Madison, WI). HEK 293T cells were cotransfected with
miRNA mimic (Invitrogen) and pmirGLO Dual-Luciferase
30 UTR vector using the Lipofectamine 2000 Transfection
Agent following the manufacturer’s instructions (Invi-
trogen). Scrambled miRNA mimic (number 4464066;
Invitrogen) was a control. 30 UTR mutant was a mutant form
of the DAB2IP 30 UTR within the miR-431 binding site.
Forty-eight hours after transfection, cells were analyzed for
luciferase activity using the Dual-Glo Luciferase Assay
System (Promega). QGP1 cells were transfected with
pmirGLO Dual-Luciferase 30 UTR vector using Lipofect-
amine 3000 Transfection Agent, following the manufac-
turer’s instructions (Invitrogen).

Statistical Analysis

To compare the survival outcome between groups, Kaplan-
Meier method was used to estimate the survival probability,
followed by a log-rank test. Two-sample t-test was used to
compare numerical outcomes. Fisher exact test was used to
compare categorical outcomes. All statistical tests were two
sided, with an a level of 0.05 as the significance cutoff.
Statistical analyses were performed in statistical software
SAS version 9.4 (SAS Institute, Cary, NC).

The normalized values were used in RPPA data analysis.
The three replicas of each sample were log2 transformed
and then averaged before analysis as a biological replicate.
R package limma version 3.28.21 (https://bioconductor.org/
packages/3.2/bioc/html/limma.html)31 was used to identify
the differentially expressed protein between treatment and
control with a Benjamini-Hochberg false discovery rate of
0.05 as the significance cutoff.

Results

miR-431 Promotes Metastasis in a Spontaneous Mouse
Model of PNETs in Vivo

We have developed a novel somatic gene transfer system
using RIP-Tag; RIP-tva mouse model to study the function
of genes in metastasis.17,18 To evaluate whether miR-431
can promote PNET metastasis, the RIP-Tag; RIP-tva
mouse model was used. RCASBP viruses encoding the
cDNA for GFP-miR-431 or GFP-miR-LacZ were generated.
High titer virus stocks (0.1 mL; >108 infectious units per
milliliter) were injected into 7-weekeold RIP-Tag; RIP-tva
mice intracardially. RCASBP-GFP-miR-LacZ was used as a
negative control for adverse effects of viral infection per se.
Nine weeks after infection, the pancreas and other organs
were harvested for histologic staging and grading of the
lesions. To aid the search for PNET metastases, one
pancreatic tissue section per mouse was subjected to
immunohistochemical staining for synaptophysin, a neuro-
endocrine marker. Approximately three pancreatic lymph
nodes were found per pancreatic tissue section. Pancreatic
The American Journal of Pathology - ajp.amjpathol.org
lymph node metastases were readily observed by synapto-
physin staining in 7 of 20 mice (10 males and 10 females)
injected with RCASBP-GFP-miR-431, but not in any of the
control mice (six males and four females) injected with
RCASBP-GFP-miR-LacZ (Figure 1A and Table 1). Among
the seven mice that developed pancreatic lymph node
metastases by miR-431 overexpression, six of them were
males. There was an increasing trend approaching signifi-
cance that miR-431 promoted more pancreatic lymph node
metastasis in male RIP-Tag; RIP-tva mice than in female
mice (P Z 0.0573; Fisher exact test).

miR-431 group had 5.53 times higher risk of death than
miR-LacZ control group, and the survival difference was
significantly different (P Z 0.0003; log-rank test)
(Figure 1B). Because PNETs in RIP-Tag; RIP-tva mice
secreted insulin and lowered blood glucose levels, blood
glucose levels of the mice were also measured as a severity
of illness indicator. The nonfasting glucose levels of mice
infected with RCASBP-GFP-miR-431 were significantly
lower than those of the mice injected with RCASBP-GFP-
miR-LacZ at the end point (Figure 1C). On the other hand,
the primary tumor burden of mice infected with RCASBP-
GFP-miR-431 was not significantly different from that of
control mice at the end point (Figure 1D). These data sug-
gested that miR-431 promotes spontaneous lymph node
metastasis, but not the growth of primary PNETs.

miR-431 Increases Migration and Invasion of PNETs
in Vitro and Promotes PNET Metastasis in a Tail Vein
Assay of Metastasis in Vivo

For in vitro studies, mouse PNET N134 cells expressing
either GFP-miR-431 or control GFP-miR-LacZ were
generated. The expression levels of miR-431 in these cell
lines were determined by the TaqMan miRNA expression
assay, and miR-431 was increased approximately 1.5-fold in
GFP-miR-431eexpressing cells than in control GFP-miR-
LacZeexpressing cells (Figure 2A). To examine whether
miR-431 has a role in PNET migration and invasion, in vitro
transwell migration assays and invasion assays were used.
Cell migration or invasion was measured through Matrigel
along a serum gradient through the membrane for 48 or 72
hours. GFP-miR-431eexpressing cells increased migration
and invasion compared with GFP-miR-LacZeexpressing
cells (Figure 2, B and C), suggesting that miR-431 promotes
migration and invasion of mouse PNETs.

To further investigate the metastatic effect of miR-431
in vivo, an experimental metastasis assay was performed. A
total of 1.5 million of GFP-miR-LacZeexpressing N134
cells or GFP-miR-431 cells were injected into the tail vein
of male nonobese diabetic/scid-IL2Rgc knockout immuno-
deficient mice. Six weeks after the injection, livers of the
recipient mice were harvested to survey for metastasis. The
four major liver lobes of each mouse were processed into
histologic section with hematoxylin and eosin staining. One
section of each major liver lobe was examined for the
693
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Figure 1 miR-431 promotes lymph node
metastasis in the spontaneous pancreatic neuro-
endocrine tumor (PNET) mouse model. A: RIP-Tag;
RIP-tva mice were infected with the indicated
RCASBP retroviruses at 7 weeks of age and sacri-
ficed at 16 weeks of age. Lymph node metastasis
was only observed in mice infected with RCASBP-
GFP-miR-431, not in mice infected with RCASBP-
GFP-miR-LacZ. Images show representative syn-
aptophysin staining of metastatic PNET in
pancreatic lymph nodes. B: Kaplan-Meier survival
curve for RIP-Tag; RIP-tva mice infected with
RCASBP-GFP-miR-LacZ and RCASBP-GFP-miR-431. C:
Blood glucose levels of RIP-Tag; RIP-tva mice
infected with RCASBP-GFP-miR-LacZ and RCASBP-
GFP-miR-431 at the end point. D: Tumor burden of
RIP-Tag; RIP-tva mice infected with RCASBP-GFP-
miR-LacZ and RCASBP-GFP-miR-431 at the end
point. *P < 0.05, ***P < 0.001 versus miR-LacZ.
Scale bars Z 20 mm (A).
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presence of metastases. Although only two of seven mice
receiving control GFP-miR-LacZeexpressing N134 cells
developed metastases, and six of six mice receiving
GFP-miR-431eexpressing N134 cells developed liver me-
tastases (Table 2 and Figure 2D). These results suggested
that miR-431 promotes metastasis of PNET cells.

To determine the effect of miR-431 on cell proliferation,
5-ethynyl-2�-deoxyuridine (EdU) assay was performed. The
flow cytometric analysis of cells labeled with Alexa Fluor
EDU demonstrated that miR-431 did not significantly in-
crease cell proliferation (Figure 2E). This was consistent
with no significant change of primary tumor burden in mice
infected with RCASBP-GFP-miR-431 (Figure 1D).

miR-431 Increases Ras/Erk Signaling and Induces EMT
of PNETs

To investigate potential pathways regulated by miR-431 at
the mRNA expression levels and the functional protein
levels, RNA-Seq was performed using N134 cells express-
ing GFP-miR-LacZ (control) or GFP-miR-431. Gene set
enrichment analysis showed that the 16 gene sets were
significantly enriched at nominal P Z 0.01 in N134-
Table 1 Impact of miR-431 Overexpression on Spontaneous
Metastasis of RIP-Tag; RIP-tva in Vivo

RCASBP- Lymph node metastases

GFP-miR-LacZ 0/10 mice (0%)
GFP-miR-431 7/20 mice (35%)*

*P < 0.05 (Fisher exact test).
GFP, green fluorescent protein; RCASBP, replication competent ALV LTR

with a splice, bryan-strain pol gene.
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expressing GFP-miR-431, five of them were oncogenic
KRAS signatures, and one of them was a constitutively
active MEK signature (Figure 3A and Supplemental
Figure S1). To validate the effect of miR-431 on Ras
signaling activation, an active Ras pull-down assay was
performed. Cell lysates were prepared from N134 cells
expressing GFP-miR-LacZ or GFP-miR-431 and a human
pancreatic ductal adenocarcinoma (PDAC) cell line, AsPC1.
AsPC1, which has an activating KRASG12D mutation32 and
active p-Erk1/2 signaling, served as a positive control
(Figure 3B). A GST-fusion protein of the Ras-binding
domain of Raf1, along with glutathione agarose resin, was
used to specifically pull down active Ras. Western blot
analysis using an anti-Ras antibody showed higher levels of
active Ras and p-Erk1/2 in GFP-miR-431eexpressing N134
cells than in GFP-miR-LacZeexpressing N134 cells
(Figure 3B).
Moreover, RPPA analysis, a high-throughput antibody-

based technique for simultaneously measuring multiple
protein expression levels, was performed.28 This led to an
identification of 10 differentially up-regulated proteins by
miR-431 that function in epithelial-mesenchymal transition
(EMT), migration, invasion, and metastasis in N134 cells
(Table 3). Among them, p-Erk was the most up-regulated
protein in cells expressing GFP-miR-431 (fold change,
5.2). It was independently verified that p-Erk levels were
higher in GFP-miR-431eexpressing N134 cells than in the
control cells by Western blot analysis (Figure 3C).
It has been reported that Ras/Erk2 signaling induced

EMT.33 GFP-miR-431eexpressing N134 cells were more
mesenchymal-like, with up-regulation of CDH2, ZEB2, and
SNAI2 in the RNA-Seq data (Figure 3D). Real-time PCR
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 miR-431 facilitates pancreatic neuroendocrine tumor migration, invasion, and metastasis in vitro and in vivo. A: Increased levels ofmiR-431 in N134/
GFP-miR-431 compared with N134/GFP-miR-LacZ (control). B: Migration of N134/GFP-miR-LacZ and N134/GFP-miR-431 cells was determined using in vitro transwell
migration chambers with a serum gradient (1% to 10%). Representative images of the migrated cells are shown. Data are expressed as the normalized number of
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C: Invasion of N134/GFP-miR-LacZ and N134/GFP-miR-431 cells was determined using in vitro Matrigel invasion chambers with a serum gradient (1% to 10%).
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fields under �10 magnification after 48 hours relative to that of control cells from four independent experiments. D: miR-431 increases the incidence of
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1-hour treatment of 10 mmol/L EdU. Representative images are shown; two-tailed t-test was used. Data are expressed as means � SEM (B and C). Error bars
represent SDs (A). n Z 5 (E). *P < 0.05 versus miR-LacZ (two-tailed t-test). Scale bars Z 200 mm (B). Original magnification: �10 (C); �20 (D).
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also demonstrated that miR-431 down-regulated an epithe-
lial marker, CDH1, and up-regulated mesenchymal markers,
including CDH2, SIP1, and SLUG (Figure 3E). In addition,
Western blot analysis showed down-regulation of cadherin
1 and up-regulation of Slug in GFP-miR-431eexpressing
N134 cells compared with GFP-miR-LacZeexpressing
N134 cells (Figure 3C). Taken together, the results of RNA-
Seq, Western blot analysis, and RPPA revealed the function
of GFP-miR-431 in increasing Ras/Erk signaling and
inducing EMT of PNET cells.
Table 2 Impact of miR-431 Overexpression on Experimental
Metastasis in Vivo

N134 cells Liver metastases

GFP-miR-LacZ 2/7 mice (28.6%)
GFP-miR-431 6/6 mice (100%)*

*P < 0.05 (Fisher exact test).

The American Journal of Pathology - ajp.amjpathol.org
To determine whether Erk signaling plays a role for
PNET cell invasion, N134/GFP-miR-431 cells were treated
with an Erk inhibitor, SCH772984, or dimethyl sulfoxide
vehicle control; and the effect on cell invasion was
measured using transwell invasion assay. SCH772984
greatly reduced p-Erk levels (Figure 4A) and reduced cell
invasion (Figure 4B), suggesting that active Erk signaling is
required for PNET cell invasion.
miR-431 Directly Targets DAB2IP, a RasGAP

The mature sequence of miR-431 (5’-UGU-
CUUGCAGGCCGUCAUGCA-3’) is identical among
human, rat, and mouse (Figure 5A). To identify mRNA
targets of miR-431, four target prediction modules,
including miRWalk,34 miRnada,35 RNA22,36 and Targets-
can, were searched.37 The putative miR-431 target genes
that were predicted by at least three modules and showed an
695
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inverse correlation with miR-431 expression in the RNA-
Seq described above were selected. This approach identi-
fied 202 potential miR-431 target genes (Figure 5B and
Supplemental Table S1). They were subjected to DAVID
gene-enrichment and functional annotation analysis.
Table 3 Protein Up-Regulated in N134/GFP-miR-431 Cells
Compared with N134/GFP-miR-LacZ Cells in RPPA Analysis

Protein name
Fold change
(miR-431 vs miR-LacZ )

Adjusted
P value

p-Erk1/2 (T202/Y204) 5.20 0.031
Slug 1.72 0.000
Cadherin 2 1.70 0.015
PKM1/2 1.31 0.004
p-FAK (Y576/577) 1.30 0.004
p-Stat3 (S727) 1.29 0.004
Sin3b 1.24 0.018
Stat6 1.23 0.007
Ezh2 1.19 0.007
Erk1/2 1.17 0.047

Erk1/2, extracellular signal-regulated kinase 1/2; p-Erk1/2, phosphory-
lated Erk1/2; RPPA, reverse phase protein array.

696
Functional annotation clustering showed enrichment of
GTPase activator activity among the top three clusters
(Supplemental Table S2). DAB2IP was identified as the top
potential target of miR-431 in PNETs (Figure 5, B and C).
DAB2IP is a RasGAP, and it acts as a tumor

suppressor gene in prostate cancer.22 The mRNA expression
of DAB2IP was down-regulated [log2 (fold
change) Z �0.427264] in GFP-miR-431eexpressing N134
cells compared with GFP-miR-LacZeexpressing N134 cells
in the above RNA-Seq analysis (Figure 5D). DAB2IP
protein levels were also down-regulated in GFP-miR-
431eexpressing N134 cells compared with control GFP-
miR-LacZeexpressing N134 cells (Figure 5E).
To validate whether DAB2IP is a direct target of miR-

431, a luciferase reporter construct containing a partial
sequence of the DAB2IP 30 UTR encompassing the miR-431
site was used. Wild-type or mutant 30 UTR of mouse
DAB2IP (Figure 5C) was cloned into a pmirGLO dual-
luciferase miRNA target expression vector. Unexpectedly,
a putative miR-431 target sequence was found in pmirGLO
vector, so cotransfection of miR-431 reduced the luciferase
activity of the control pmirGLO vector compared with
ajp.amjpathol.org - The American Journal of Pathology
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miR-431 Promotes Metastasis of PNETs
cotransfection of scrambled miRNA control (Figure 5F).
Cotransfection of miR-431 and the vector carrying wild-type
30 UTR of mouse DAB2IP further repressed the luciferase
activity in 293T cells (Figure 5F). Consistent with its direct
targeting, mutating the miR-431-5p complementary seed
region (Figure 5C) on the 30 UTR of DAB2IP abrogated
miRNA-mediated regulation (Figure 5F).
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Moreover, the luciferase reporterebased activity assay
was performed in human PNET QGP1 cell line with its
endogenous miR-431. The pmirGLO vector, the vector
carrying wild-type 30 UTR of DAB2IP, or the vector car-
rying mutant 30 UTR was transfected to QGP1 cells, and
their luciferase activities were measured. Consistent with the
cotransfection results in 293T cells, luciferase reporter
0 

50 

100 

150 

   
   

   
(%

 s
cr

am
bl

ed
) 

†† †† †† †† 

Scrambled 
miR-431 

Genes inversely  
correlated 

 with miR-431  

 clustering 

ment score >1.5 

tion 

C
Posi�on: chr2:35,729,055, – 35,729,454 of mouse DAIP2IP’ UTR

DAB2IP 3’ UTR ������
mmu-miR-431-5p ������
DAB2IP  mutant 3’ UTR ������

G 

0 

40 

80 

120 

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

 
   

   
   

(%
 p

m
irG

LO
) ‡‡ 

Mut
Mut

rom human, rat, and mouse. Asterisks indicate identical nucleotides. B: miR-
R) of mouse DAB2IP. DAB2IP 30 UTR mutant (Mut) indicates the mutated sites
gion) in DAB2IP 30 UTR and the sequence of Mut DAB2IP 30UTR. D: DAB2IP
pt per million mapped reads (FPKM). **q Z 0.004, q values represent false
AB2IP to demonstrate the repression of DAB2IP in N134/GFP-miR-431 cells. F:
fter cotransfection with miR-431 mimic or scrambled miRNA. G: Dual-luciferase
cells. F and G: Normalized firefly luciferase activity (firefly luciferase activity/
O vector no-insert control. Three independent measurements were performed.
P < 0.01; zzP < 0.01 versus vector alone or the mutant 3’ UTR of DAB2IP.

697

http://ajp.amjpathol.org


0.0 

0.5 

1.0 

R
el

at
iv

e 
pr

ol
ife

ra
tio

n 

R
el

at
iv

e 
m

iR
-4

31
 le

ve
l 

0 

1 

2 

3 

* 

* 

PDAC         PNET 

0 

0.5 

1 

1.5 

B A 

D  E 

DAB2IP 

p-Erk1/2 

t-Erk1/2 

Slug 0 

0.5 

1 

1.5 

Vector    DAB2IP MutantVector    DAB2IP Mutant

R
el

at
iv

e 
in

va
si

on
 

† 

LNA-CTRL LNA-miR-431 

R
el

at
iv

e 
in

va
si

on
 

C 

Cadherin 1 

G 

DAB2IP 

p-Erk1/2 

t-Erk1/2 

F 

DAB2IP 
Tubulin 

Tubulin 

GEFs 

p-Erk 

EMT 

Migration/invasion/ 
metastasis 

High miR-431 

DAB2IP 
Ras-GDP 

Ras-GTP 

Low miR-431 

GEFs 
DAB2IP
mRNA 

degradation 

Ras-GDP 

Ras-GTP 

DAB2IP mRNA 

miR-431 

DAB2IP

Figure 6 Expression of human DAB2IP and rat homolog blocks the invasiveness effect ofmiR-431, andmiR-431 inhibition suppresses invasion of human pancreatic
neuroendocrine tumor (PNET) cells. A: Invasion of N134/GFP-miR-431 expressing a control vector (pCI-neo), rat DAB2IP or GTPase activating protein (GAP) mutant of
DAB2IPwas determined using in vitroMatrigel invasion chamber with a serum gradient (1% to 10%). Forty-eight hours after transfection of DNA, cells were trypsinized and
106 cells were seededontoMatrigel invasion chamber. After 72 hours of incubation, cells on the opposite side of the chamberswerefixed, stained, and counted. Experiment
was conducted in triplicate. Data are expressed as the normalized number of invaded cells in the bottom surface of chambers in all fields under �20 magnification.
B:Proliferation of N134/GFP-miR-431 expressing a control vector (pCI-neo), rat DAB2IP or GAPmutantwas compared.C:Western blot analysis for rat DAB2IP usingDAB2IP
antibodies, phosphorylated extracellular signal-regulated kinase 1/2 (p-Erk1/2), total Erk1/2 (t-Erk1/2), E-cadherin, and Slug in N134/GFP-miR-431 cells expressing a
control vector (pCI-neo), rat DAB2IP, or GAP mutant. D: Expression levels of miR-431, determined by TaqMan miRNA expression assay, in three human pancreatic ductal
adenocarcinoma (PDAC) cell lines and two human PNET cell lines. E: Invasion of human PNET cells (QGP1) treated with a control inhibitor (LNA-CTRL) or amiR-431 inhibitor
(LNA-miR-431)was determined using in vitroMatrigel invasion chamberswith a serumgradient (1% to10%). F:Western blot analysis for DAB2IP and tubulin in humanPNET
cells (QGP1) treated with control inhibitor (LNA-CTRL) ormiR-431 inhibitor (LNA-miR-431). G: Model depicting the mechanism by whichmiR-431 promotes metastasis of
PNETs. Data are expressed as means� SEM (A, B, D, and E). nZ 5 (E). *P< 0.05 versus Panc1, MIA Paca-2, and BxPC3 (two-tailed t-test); yP< 0.05 versus LNA-CTRL
(two-tailed t-test). Scale barsZ 200 mm (E). EMT, epithelial-mesenchymal transition; GEF, guanine nucleotide exchange factor.

Zhang et al

698 ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


miR-431 Promotes Metastasis of PNETs
activity of wild-type 30 UTR of DAB2IP was significantly
lower than that of the vector alone or the mutant 30 UTR of
DAB2IP (Figure 5G). Taken together, these findings estab-
lished DAB2IP as a direct target of miR-431.

GAP Activity of DAB2IP Interferes with the Metastatic
Function of miR-431

DAB2IP protein identity is >80% among human, rat, and
mouse. To determine whether the metastatic function of
miR-431 is mediated by targeting DAB2IP, rat DAB2IP
homolog, or a mutant defective in its GAP activity22,38 was
expressed in N134/GFP-miR-431 cells. Both of cDNAs did
not have the 30 UTR binding site of miR-431 and therefore
could not be down-regulated by miR-431 (miR-431 resis-
tant). Overexpression of miR-431eresistant rat DAB2IP
cDNA reversed the invasive effect of miR-431 without
affecting cell proliferation (Figure 6, A and B). Moreover,
miR-431eresistant rat DAB2IP reduced p-Erk and Slug
levels and increased cadherin 1 (Figure 6C). These effects
required the GAP activity, because overexpression of the
GAP mutant in N134 cells expressing GFP-miR-431 did not
sufficiently inhibit cell invasion, reduce p-Erk, or block
EMT (Figure 6, AeC). The data suggested that the GAP
activity of DAB2IP is important to inhibit PNET invasion.

miR-431 as a Therapeutic Target in PNET Metastasis

By real-time PCR, it was found that two human PNET cell
lines, BON1 and QGP1, expressed higher endogenous miR-
431 levels than three human PDAC cell lines, Panc1, MIA
Paca-2, and BxPC3 (Figure 6D). Especially, QGP1 had the
highest endogenous miR-431 levels among these five cell
lines (Figure 6D). Consistent with our findings that DAB2IP
is a direct target of miR-431 in pancreatic cancer cells,
Western blot analysis showed an inverse correlation be-
tween the expression levels of miR-431 and the DAB2IP
protein levels in these five human PDAC and PNET cell
lines (Figure 6D).

To determine therapeutic value of targeting miR-431,
QGP1 cells were treated with antisense locked nucleic acids
(LNAs).39 LNAs sequester their target miRNAs in highly
stable heteroduplexes, thereby effectively preventing the
miRNA from hybridizing with its normal cellular targets.
Transfection of an LNA inhibitor for human miR-431-5p
significantly inhibited invasiveness of QGP1 compared with
transfection of a control LNA (Figure 6E), restored the
expression of DAB2IP, and down-regulated Erk signaling
(Figure 6F).

Discussion

The incidence of PNETs is increasing in recent years.
Because of the indolent nature of the disease, most PNET
patients are diagnosed with liver metastasis. The drivers of
metastatic PNETs are largely unknown, which makes the
The American Journal of Pathology - ajp.amjpathol.org
development of treatment difficult. Through a cross-species
analysis in human PNETs and mouse PNETs in RIP-Tag
mouse models, a metastatic-specific miRNA signature has
been revealed.11 miR-431 is the most up-regulated miRNA
in this signature. The function of miR-431 in tumorigenesis
appears to be context dependent. miR-431 acts as tumor
suppressor in colorectal cancer cells and hepatocellular
carcinoma. It inhibits migration of colorectal cancer cells
and hepatocellular carcinoma cells.40,41 In contrast, miR-431
demonstrated promoted migration and invasion of PNET
in vitro, and metastasis in both spontaneous PNET and
experimental metastasis mouse models, suggesting its
oncogenic role in PNETs. The disparity of miR-431 func-
tions could be because of the availability of its targets in
different cancer types. Further studies are needed to address
this possibility.

Although oncogenic KRAS is found in nearly every
PDAC to drive tumorigenesis,42,43 KRAS mutations are
virtually nonexistent in PNETs.44 On the other hand, miR-
431 overexpression is not detected in PDAC,45 suggesting
that the two mechanisms are redundant and likely mutually
exclusive in pancreatic tumorigenesis. This study demon-
strated that metastatic PNETs up-regulated miR-431 to
activate the Ras/Erk pathway through targeting DAB2IP.
Our study suggested that the Ras signaling pathway is also
important in PNET progression. DAB2IP, a RasGAP,
negatively controls Ras-dependent mitogenic signals.46

DAB2IP has recently been found significantly down-
regulated in multiple types of cancer,47 including prostate
cancer,48 breast cancer,49,50 colon cancer,51 and bladder
cancer.52 Down-regulation of DAB2IP has been shown to
promote prostate cancer progression53 and colorectal cancer
invasion and metastasis.51 The aberrant alteration of
DAB2IP in cancer is caused by a variety of mechanisms,
including targeted by miRNAs, aberrant promoter methyl-
ation, histone deacetylation, and others. Herein, it was
shown that DAB2IP suppression plays an oncogenic role in
PNET metastasis. It requires further scrutiny to determine
the frequency of human metastatic PNET with down-
regulation of DAB2IP.

Given the ability of miRNAs to target multiple genes, they
are appealing therapeutic agents.54 The therapeutic strategies
either blocking oncogenic miRNAs or introducing tumor
suppressor miRNAs have developed rapidly in recent years.55

It is proposed that targeting miR-431 may be a novel thera-
peutic strategy for PNETs. Besides RasGAPs, genes involved
in zinc transport were among the top putative miR-431 target
genes in PNETs from our analysis (Supplemental Table S2).
Zinc is an essential micronutrient that plays a role in the
functions of many cellular proteins, and zinc is emerging as
an important signaling molecule in the progression of cancer.
Further studies are required to investigate whether these
candidates are miR-431 targets and whether zinc dyshomeo-
stasis contributes to PNET metastasis.

In summary, we have identified that overexpression of
miR-431 promotes PNET cell migration and invasion
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in vitro and metastasis in both spontaneous and xenograft
mouse models of PNETs (Figure 6G). miR-431 directly
silenced RasGAP tumor suppressor, DAB2IP. Down-
regulation of DAB2IP led to the activation of Ras/Erk
signaling, EMT, and cell invasion.
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